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Recently, phase change material (PCM) have attracted a
lot of attentions in energy storage and heating/cooling
applications, because of its ability of storing more energy
compared with the same amount of sensible storage material,
but the intrinsically low thermal conductivity of PCM has
restricted its broad applications; as a result, various heat
transfer enhancement technologies have been developed
[1]. Currently, PCMs have been widely applied in heating/
cooling and heat recovery systems at low and medium
temperature range (<200°C), but the integration of PCM
with solar thermal energy is not well documented.
Furthermore, most of the PCMs are not thermally or
chemically stable at high or extremely high temperature
(>200°C); as a result, it is critical to develop proper engi-
neering ways to incorporate PCM at high temperature
for solar thermal applications [2]. Currently, most of the
solar thermal applications are in low and medium temper-
ature range; limited information has been reported for
high and extremely high-temperature applications due to
the limitations of heat transfer fluid, especially for power
energy [3].

This special issue is intended to address the integrated
solutions using PCMs in various temperature ranges. It is
of great interests for researchers and scientists in the fields
of mechanical engineering, materials science/engineering,
chemical engineering, environmental engineering, and so
forth. A brief description and salient results of these papers
are given below.

L. Liang and X. Chen prepared and tested a new cold
storage phase change material eutectic hydrate salt by adding
a nucleating agent and thickener. The physical properties
were studied, and the experimental results showed that add-
ing a nucleating agent can effectively improve the nucleation
rate and nucleation stability.

H. Li et al. proposed a general design framework for solar
water heater (SWH) design using a machine learning-based
high-throughput screening (HTS) method, and they used
the design of water-in-glass evacuated tube solar water heater
(WGET-SWH) as an example; it is expected that this
proposed design framework can cost effectively design and
optimize a solar thermal system.

S. Z. Farooqui experimentally investigated the perfor-
mance of an improved dual reflector foldable paraboloid
solar cooker, along with its energy and exergy analysis. Their
results indicated an average cooking power of 485W, peak
exergy gain of 60.53W, quality factor of 0.077, and a high
product of temperature difference gap at half peak power to
peak power of 4364.33W·K. The maximum exergy output
power attained was 70W, while maximum exergy efficiency
was 8–10%.

Y. Zhang et al. had two papers discussing the applications
of the front-tracking method (FTM) in the heat-absorbing
tube of trough solar collector and pulsating heat pipe by
considering the multiphase flow and heat transfer.

W. Bao et al. experimentally investigate the phase
distribution of subcooled flow boiling in an inclined circular
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tube, and they concluded that the phase distribution under
the inclined condition is different from the phase distribu-
tion under the vertical condition; more specifically the
profiles skewed highly for 90° and 45° direction in the tube
cross-section, whereas the profile was also symmetrical
at 0° direction.

J. Zhang et al. prepared and characterized the paraffin
and EG composite phase change material (PCM), and the
composite PCM have been applied in the 42110 LiFePO4
battery module (48V/10Ah). The testing results indicated
that the PCM cooling system can control the peak tempera-
ture under 42°C and balance the maximum temperature
difference within 5°C. Even in extreme high-discharge pulse
current process, the peak temperature can be controlled
within 50°C.

H. Wang and Q. Yu studied the analytical solution of the
vapor flow in rotating heat pipes based on the hypothesis of
potential flow, and a specific rotating heat pipe was examined
using three different boundary conditions: linear distribu-
tion, uniform but asymmetric distribution, and uniform
and symmetric distribution of heat load; therefore, the flow
field was calculated, and the Coriolis force is estimated.

C. Luo et al. investigated a novel solar PCM storage
wall technology, which is a dual-channel and thermal-
insulation-in-the-middle type solar PCM storage wall
(MSPCMW) system. Basically, the system has four indepen-
dent functions, passive solar heating, heat preservation, heat
insulation, and passive cooling; therefore, this system can
agilely cope with the requirements of climatization of build-
ings in different seasons, and therefore they experimentally
analyzed the thermal feature of the system working in two
different modes, summer and winter, respectively.
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In order to further understand the thermal performance of the double phase change material (PCM) layer wallboard, the wallboard
model was established and a comprehensively numerical parametric investigation was carried out. The variation laws of inner wall
temperature rise and the heat flux transferred under different phase transition temperatures and thermal conductivities are
presented in detail. The main results show that the temperature of the inside wall for case 2 can be reduced by about 1.5 K
further compared to that for case 1. About 83% of the heat transferred from the outside is absorbed by the PCM layer in case 2.
Reducing the phase transition temperature of the PCM layer can decrease the inside wall temperature to a certain extent in the
period of high temperature. The utilization of double PCM layers shows much more performance compared to that of the single
PCM layer case, and the temperature of the inside wall can be reduced by 2K further.

1. Introduction

Energy demand has been increasing quickly with the devel-
opment of economy. And the conventional fossil energy
sources such as oil, coal, and gas are limited. Their use leads
to climate changes and environmental pollution [1]. Building
energy consumption has become a serious problem due to a
large amount of energy that is consumed by the heating, ven-
tilation, and air conditioning system of buildings every day.
According to [2], about 40% of the world’s total energy was
used for buildings and more than 30% of the primary energy
consumed in buildings is for the heating and air conditioning
system. Therefore, some energy-saving and environment-
friendly techniques have been investigated in recent years.
Thermal energy storage techniques used in buildings to
decrease the energy consumption were considered an effec-
tive way [3, 4]. Thermal energy storage can be divided into
sensible heat storage, latent heat storage, and chemical energy
storage. And among them, the latent heat storage has

received considerable attention in comparison with the other
two methods attributed to the obvious advantages of latent
heat storage using phase change material (PCM), like high
energy storage density and narrow operating temperature
range [5, 6]. Furthermore, PCM can store and release a large
amount of latent heat during the process of melting and
solidifying in its narrow phase transition range [7, 8].

In the past two decades, researches on the application of
PCM in building energy conservation can be divided into two
categories. One is combining the PCM with the active air
conditional system where the PCM system serves as the heat
source or cold source of the air conditioning system to
increase the refrigerating efficiency or the heat efficiency
[9, 10]. For instance, Tyagi et al. [11] designed and experi-
mentally studied the thermal performance of a PCM-based
building thermal management system for cool energy stor-
age. The other is the usage in the passive heat insulation
and preservation system, comprising the combination of
PCM and building materials to obtain novel energy
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conservation building materials and directly inserting shape-
stabilized PCM into the enclosure structure of the building
[12–14]. The first category of PCM application needs to be
considered early in the design process of the air conditioning
system and also needs later maintenance. However, the sec-
ond one is concentrated on the design of new building mate-
rial, like coating material with phase change function,
insulation wallboard, and brick with PCM encapsulated in
it, and is a way to enhance the ability of the building itself
to adapt to the climate. Therefore, it is widely of concern to
scholars. Li et al. [15] compared the thermal performance
of lightweight buildings with and without a PCM layer
attached to the inside wallboard and found that the energy
consumption to maintain comfortable temperature can be
reduced by 40–70%. Ramakrishnan et al. [16] numerically
investigated the thermal control effect of building fabrics
integrated with PCM under extreme heatwave periods. The
result shows that the indoor heat stress risks can be reduced
effectively without the function of an air conditioner. Mean-
while, Thiele et al. [17] constructed a numerical model based
on a modified admittance model to evaluate the thermal
performance of building envelops integrated with PCM
whose result turns to agree well with that of the existing finite
element simulations. Zhu et al. [18, 19] put forward a new
structure of wallboards with double shape-stabilized PCM,
proposed a related simplified dynamic model, and then used
it to analyze energy performance of office building under
different conditions. However, the model and related analysis
are concentrated on the whole system and overall efficiency.
The heat transfer process and the influence of the PCM
parameters on the heat transfer law are also quite important
for the actual design and need to be further understood.

In this paper, in order to further explore the heat transfer
law and thermal performance of the double PCM layer
wallboard put forward by Zhu et al. [18] under different con-
ditions, the wallboard model was established and a compre-
hensively parametric numerical investigation was carried
out. The variation law of temperature rise at the inner side
of the wall and the heat flux transferred under different phase
transition temperatures, thermal conductivities, and arrange-
ments of PCMs are presented and discussed in detail in the
following sections.

2. Model and Methodology

2.1. Model Description. Figure 1 shows the schematics of the
resident house and enlargement of the analysis region with
structure mesh. The performance of the wall determines the
economic and energy-saving efficiency of the whole building
to a great extent. Therefore, the wallboard is the key research
object. The structure of the wallboard is presented in the
enlarged view clearly. As shown in Figure 2, three cases of
wallboard with different layer combinations were designed
and compared. Case 1 represents the convection wallboard
with insulation material only. The insulation layer outside
is replaced by the PCM layer in case 2, and both insulation
layers are replaced by PCM layers in case 3. The dimensions
and thermo-physical properties of these two layers and the
concrete can be seen in Table 1.

2.2. Numerical Simulation. With the development of com-
puter technology, numerical study as an effective means of
research involving design, analysis, and optimization is
being developed quickly. In this exploration, commercial

Roof

Wall

Analysis
region

Concrete

Layer 1 Layer 2

Figure 1: Schematics of the resident house and enlargement of the analysis region with structure mesh.
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computational fluid dynamics package, FLUENT 14.0, was
utilized. The mesh density and the computational parameters
such as time step and number of iterations per time step
were evaluated by checking the dependency of the total
heat transfer flux on models with various mesh quantities
and different computational parameters. The time step was
set to 10 seconds, and the number of iterations per time step
was 50. The pressure-based 1st-order implicit algorithm for
this unsteady problem was considered. Some assumptions
were made in the following simulation work. The specific
heat, the phase transition temperature, and the thermal con-
ductivity of PCMs were constant. Also, the PCMs utilized
were isotropic and homogenous. The volume change of the
PCM during phase transition was ignored.

The energy conservation equation for the concrete region
can be presented as follows:

∂
∂τ

ρccpctc = ∇ ⋅ λc∇tc , 1

where ρc, cpc, and λc are the density, heat capacity, and ther-
mal conductivity of the concrete, respectively. The enthalpy-
porosity model was adopted to model the phase changing
process in this work. The liquid fraction is computed at each
iteration, based on an enthalpy balance. The energy equation
of PCM can be expressed as follows [20]:

ρ
∂H
∂τ

= k∇2H + S, H =H0 + ΔH,

H0 =Href +
T

Tre f

CPpcm
dT , CPpcm

=
CPspcm

, T < Tm,

CPlpcm
, T > Tm,

ΔH = βγ, β =
0, T < Tm,
1, T > Tm,

2

where H represents the total enthalpy of PCM, H0 is the
sensible enthalpy, ΔH is the latent heat, β is the liquid frac-
tion, and Tm is the phase transition temperature.

qs″ t =
qs,max″ cos πt

43200 − π , 6 00 am ≤ t ≤ 6 00 pm,

0,  6 00 pm < t ≤ 6 00 am,
3

qave″ = qs″ t dt
12 × 3600 = qs,max″ cos πt/43200 − π dt

12 × 3600

= qs,max″ cos πt/43200 − π dt
12 × 3600

4

The external boundary condition is based on the total
solar radiation of the Xuzhou area, which can be seen in
Figure 3 [21]. The average solar radiation qave″ of the
Xuzhou area in June is about 385.8W/m2, and the maximum
daily solar radiation can be observed through (4). Boundary
conditions at the top and bottom of the model are thermal
isolation. The sun radiation reaches the left side to heat the
wall, and the convection heat transfer exists at the same time
to cool the wall. But the heat flux and radiation cannot appear
in the boundary condition at the same time to complete the
numerical solution. Therefore, after simplification, the left
boundary condition is time-dependent temperature bound-
ary, which is described as follows:

x = 0,

−k
∂T
∂n

= T τ = ΔTmax + T inisin
πt

60000
5

The right side boundary conditions are mixed boundary
conditions. The right side of the wall heats the air inside by
radiation and convection synchronously, which can be
described as follows:

x = x3,

−ki
∂T
∂n

= hi Twi − Tai + εσ T4
wi − T4

ai
6

A parametric study was undertaken to investigate the
influence of phase transition temperature of PCM and ther-
mal conductivities of PCM and the thermal control effect of
the double PCM layers compared to other two cases.

3. Result and Discussion

The aim of this work was to investigate a special kind of
wallboard with two PCM layers attached both sides of the
concrete wall for heat insulation and energy saving. Temper-
ature variation of the outside wall with time in summer is
exhibited in Figure 4. As the figure shows, the temperature
of the outside wall increases to 325K linearly with a relatively
high rate of rise before 10:00 am, and the tendency of temper-
ature rising gradually reduces from 10:00 am to 02:00 pm.
The highest temperature of the outside wall in one solar
day is up to about 338K at 02:00 pm. After 02:00 pm, the
temperature of the outside wall gradually decreases to 330K
(at 06:00 pm). This variation trend of the outside wall

0

Concrete

PCM 2

PCM 1

x3

y y y

Outside Inside

PCM 1

(b) Case 2 (c) Case 3(a) Case 1
x1 x2 0 x3x1 x2 0 x3x1 x2

Insulation

Figure 2: Schematics of the building wallboard with/without PCM.
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temperature can reflect well the actual temperature condition
of a solar day in the Xuzhou area in summer.

Figure 5 presents the temperature variation and the heat
flux of the inside wall for different cases. As shown in
Figure 5(a), the temperature of case 1 and case 2 has little
change before 10:00 am, keeping a temperature of 299K,
and after 10:00 am, the temperature of case 1 gradually
increases to 300K, while that of case 2 has only little variation
until 02:00 pm. After 02:00 pm, variation of temperature ris-
ing of case 1 has a significant improvement and case 2 starts
a temperature rising with a similar tendency with that of case
1, and the temperatures of case 1 and case 2 are, respectively,
302K and 300K. As the wall is without any heat insulation
layer or PCM layer, the temperature of the inside wall rises
promptly after 09:00 am and finally rises to 312K at 06:00
pm. In summary, the function of the insulation layer and
PCM layer can both greatly retard the velocity of temperature
diffusion, and the inside wall temperature can be decreased
by more than 10K. Case 2 has a certain advantage over case
1, which is attributed to the phase change endothermic
behavior of the PCM layer. When the outside insulation layer
was replaced by the PCM layer, the temperature of the inside
wall can be reduced by about 1.5K further. As shown in
Figure 5(b), the heat flux is positive in the morning, indicat-
ing that the wall absorbs the air heat in the room, for the rea-
son that the temperature of external air is set larger than the
initial temperature of the wall in the simulation process. The
heat flux of case 2 begins to turn negative, and the heat began
to go through the wall completely until about 04:00 pm. It
can be concluded from area C and area A in Figure 5(b) that
the heat transferred into the indoor can be reduced about

98% by the function of the PCM layer and insulation layer.
It can also be deduced that about 83% of the heat transferred
from the outside is absorbed by the PCM layer through com-
paring area B and area C.

Figure 6 shows the temperature contours of the wall-
board at 06:00 pm for three different cases obviously. The
temperature distribution exhibits uniform gradient in the
concrete wall case, in which the double layers are replaced
by the concrete. It can be seen from case 1 and case 2 that
the overall average temperature of the concrete wall in case
2 is obviously lower than that in case 1 for the reason that
PCM can absorb large amount of latent heat under lower
and stable temperature region, the heat transfer driving force
and temperature difference are relatively weak, and less heat
gets across the border to the concrete wall.

3.1. The Effect of Phase Transition Temperature of the PCM
Layer. Figure 7 presents temperature variation and heat flux
of the inside wall for case 2 under different phase transition
temperatures (from 299.15K to 302.15K). As shown in
Figure 7(a), the temperature under different phase transition
times is identical before 10:00 am and after 04:00 pm. In the
middle range of the solar day, the temperature difference
under different phase transition temperatures increases
firstly and then decreases. When time goes after 02:00 pm,
the temperature difference under different phase transition
temperatures decreases in contrast. The temperature of the
inside wall under different phase transition temperatures is
identical again at 04:00 pm, and the final identical tempera-
ture is about 301K, increasing about 2.7K. As shown in
Figure 7(b), heat flux of the inside wall is also identical under
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14400 21600 28800 360007200
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Figure 4: Temperature variation of the outside wall at different
moments in summer.

Table 1: Thermo-physical properties of the wallboard materials [18].

Materials
cp

(kJ/kg·°C)
λ

(W/m·°C)
ρ

(kg/m3)
L

(kJ/kg)
Tm
(°C)

D
(m)

Concrete 0.8 2.1 2400 — — 0.24

Insulation 2.0 0.2 850 — — 0.03

PCM 1/PCM 2 2.0 0.1~2 850 200 26–29 0.03

0
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(M
J/m
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Figure 3: Total solar radiation of the Xuzhou area in different
months.
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different transition temperatures before 10:00 am. When
time is over 10:00 am, heat flux of the inside wall is higher
under lower phase transition temperature, which is opposite
to temperature. Heat flux of the inside wall under different
phase transition temperatures is identical at the end. It can
also be seen that heat flux decreases from 11.2W/m2 to
−7W/m2. Actually, heat flux decreases from 11.2W/m2 to
0W/m2, and then it increases to 7W/m2 with the opposite
heat transfer direction. In summary, reducing the phase tran-
sition temperature of the PCM layer can decrease the inside
wall temperature to a certain degree in the middle period of

a solar day; however, the heat transferred into the indoor in
the whole daytime is almost not affected by the phase transi-
tion temperature.

3.2. The Effect of Thermal Conductivity of PCM. Figure 8
exhibits the temperature variation and heat flux of the inside
wall for case 2 under different thermal conductivities of
PCM. As shown in Figure 8(a), the temperature of the inside
wall has little change before 10:00 am, keeping a temperature
of 299K, though the thermal conductivity of PCM is chan-
ged. After 10:00 am, the temperature of the inside wall grad-
ually increases and the final temperatures are 303.2K,
305.4K, and 307.4K while the thermal conductivities of
PCM are 0.4W/(m·K), 0.8W/(m·K), and 2W/(m·K), respec-
tively. As the thermal conductivity of PCM reaches 0.2W/
(m·K), the rising trend of the inside wall temperature
becomes obvious after 02:00 pm, and the final temperature
rises to 301K. However, the temperature of the inside wall
has little change during the whole solar day when the thermal
conductivity of PCM is as low as 0.1W/(m·K). It is obvious
that decreasing the thermal conductivity of the PCM layer
is beneficial to heat insulation and energy saving. Less heat
can be transferred to the indoor. As shown in Figure 8(b),
heat flux is almost stable around 5W/m2 and flows toward
the outside before 10:00 am. And after 10:00 am, heat flux
gradually reverses its direction and reaches about 22.5W/
m2, 37.9W/m2, and 52.3W/m2 at 06:00 pm as the thermal
conductivities of PCM are 0.4W/(m·K), 0.8W/(m·K), and
2W/(m·K), respectively. Figure 9 shows the phase change
ratio of the PCM layer for case 2 under different thermal
conductivities. It can be found that when the thermal con-
ductivity is 2W/(m·K), the PCM melts entirely in almost
7200 s, while it takes 4.5 times longer to melt the PCM layer
with a thermal conductivity of 0.1W/(m·K).

3.3. The Effect of Double PCM Layers. In order to further
increase the energy-saving capacity of the wallboard, the
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Figure 5: Temperature variation and heat flux of the inside wall under different cases.
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Figure 6: Temperature contour of the wallboard at 06:00 pm under
different cases.

5International Journal of Photoenergy



right insulation layer is also replaced by the PCM layer, and
the PCM has the same thermal physical property as the left
layer. Figure 10 presents the temperature variation and heat
flux of the inside wall for case 3. It can be observed that the
temperature curve for case 3 increases first and becomes sta-
ble almost the whole day. The temperature can be stabilized
at about 299.15K. The wallboard with double PCM layers
shows much better thermal performance compared to the
single PCM layer case, and the temperature of the inside wall
can be reduced by 2K further. The inner wall almost can
exclude the interference from external environment. As
shown in Figure 10(b), the heat flux for case 3 is positive in
the whole daytime. The heat outside cannot be transferred
to the indoor, which is the reason why the temperature of
the inside wall can be stable. Figure 11 illustrates the phase
change ratio of each PCM layer for case 3. The phase change
ratio of PCM 1 is on the rise before 12:00 pm, but that of
PCM 2 remains constant until 02:00 pm. It can be seen that
PCM 1 just takes 21600 s to melt totally. However, the phase
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Figure 7: Temperature variation and heat flux of the inside wall for case 2 under different phase transition temperatures.
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Figure 8: Temperature variation and heat flux of the inside wall for case 2 under different thermal conductivities of PCM.
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change ratio of PCM 2 is still under 0.2 at the end of the
solar day.

4. Conclusion

In order to further understand the heat transfer law and ther-
mal performance of the double PCM layer wallboard under
different conditions, a comprehensively parametric numeri-
cal investigation was carried out. The variation law of tem-
perature rise at the inner side of the wall and the heat flux
flowed through under different phase transition tempera-
tures, thermal conductivities, and arrangements of PCMs
are presented and discussed in detail. The main conclusions
can thus be summarized as follows:

(1) The function of the insulation layer and PCM layer
can both greatly retard the velocity of temperature

diffusion, and the inside wall temperature can be
decreased by more than 10K. About 83% of the heat
transferred from the outside is absorbed by the PCM
layer in case 2.

(2) Reducing the phase transition temperature of the
PCM layer can decrease the inside wall temperature
to a certain degree in the period of high temperature.
Increasing the thermal conductivity of the PCM layer
is not beneficial to heat insulation and energy saving.
More heat can be transferred to the indoor easily.

(3) The utilization of the double PCM layer shows much
more performance compared to that of the single
PCM layer case, and the temperature of the inside
wall can be reduced by 2K further.

Nomenclature

T : Temperature (K)
ΔT: Temperature difference (K)
cp: Specific heat (J/(kg·K))
H: Enthalpy (J kg−1)
ΔH: Latent heat of PCM (J kg−1)
ΔT : Temperature increase (K)
k: Thermal conductivity (W/(m·K))
q: Heat flux (W/m2)
β: Liquid volume fraction
τ: Time (s)
ρ: Density (kg/m3)
ε: Emissivity
σ: Stefan-Boltzmann constant.

Subscripts

w: Wall
wi: Wall inside
a: Air
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Figure 10: Temperature variation and heat flux of the inside wall for case 3.
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ai: Air inside
ini: Initial
c: Concrete
ave: Average
ref: Reference
m: Melting.

Acronyms

PCM: Phase change material.
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In current theory models for rotating heat pipes, the temperature field of the vapor phase is often supposed to be homogenous, and
as a result of such simplification, the experiment result of the heat transfer performance for high rotating speed has some
discrepancy with that predicted by theory models. In this paper, the analytical solution of the vapor flow in rotating heat pipes
was obtained on the hypothesis of potential flow and with the method of variable separation. A specific rotating heat pipe was
examined under three kinds of boundary conditions: linear distribution, uniform but asymmetric distribution, and uniform as
well as symmetric distribution of heat load. The flow field was calculated, the Coriolis force is estimated, and it is found that (1)
for a rotating heat pipe with high speed or large heat load, it is necessary to consider the Coriolis force, as its magnitude can be
that of the gravitational acceleration; (2) the maximum Coriolis force is located at the vapor-liquid interface at the evaporator
and condenser sections, and the directions in these two sections are opposite; (3) the Coriolis force is closely related with
working conditions and working fluids, and it decreased with working temperature and increased with the heat load; and (4) the
maximum viscous shear stress is located at the adiabatic section.

1. Introduction

A rotating heat pipe is a special kind of heat pipe which
rotates with the object it cools, and the liquid fluid in it flows
back under the centrifugal force. The structure of a rotating
heat pipe includes a cylindrical rotating heat pipe [1], a par-
allel axis rotating heat pipe [2, 3], a radial rotating heat pipe
[4], a truncated cone rotating heat pipe [1], and an even
fan-shaped rotating heat pipe [5]. On account of the stable
and strong driving ability caused by the centrifugal force,
the advantage of heat pipes to get more even temperature
field can be brought into full play by rotating heat pipes,
and an important application of it is the thermal and cold
protection for rotary machines, such as generators [6], rotor
of gas turbines [4, 5, 7], aeroengine nose cones [8–10], mill-
ing machines [11, 12], and drills [13]. For such equipment,
due to friction, to electromagnetic induction, and to being
heated or even cooled [8–10], the temperature of the rotating
shaft, blade, or nose cone is often uneven, causing thermal
stress [4], deformation, and even failure of the machine.

Thus, thermal and cold protection is required; however, there
are some problems with the currently used thermal or cold
protection method more or less, like economic or security
ones, for instance, hydrogen cooling in generators [14] and
film cooling in gas turbines. Therefore, the passive dredging
thermal protection scheme of rotating heat pipes is now
gradually revealing its advantage.

Current researches on rotating heat pipes contain two
directions: experiment and numerical simulations, the for-
mer focuses on the relationship between thermal resistance
and parameters like rotation speed and liquid charging rate,
such as the research of Xie et al. [15], Ponnappan et al.
[16], Song et al. [17], and so on. Ponnappan et al. [16]
researched on the case of high rotation speed and found that
the variation of thermal resistance was opposite to the result
got by the Nusselt condensation model. While numerical
simulation mainly studies on the four processes of evapora-
tion, condensation, vapor flow, and liquid flow happened in
the rotating heat pipe. According to recent researches, the
thermal resistances in the four processes are of different
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magnitudes. The resistance in the evaporation process is usu-
ally small and can be ignored, while for the condensation
process, the modified Nusselt model is widely adopted which
is now deemed as sophisticated, and when it comes to vapor
and liquid flow, the vapor phase is usually simplified as a sys-
tem with uniform temperature and pressure, and the interior
boundary condition of the liquid flow can be set based on
such hypothesis. Thus, liquid flow can be solved under differ-
ent types of models, according to their dimensions. For
example, Daniels and Al-Jumaily [18] and Uddina et al.
[19] ignored the inertia term of the liquid phase and obtained
its temperature distribution by the zero dimension model.
Song et al. [17], Bertossi et al. [1], and Hassan and Harmand
[2, 20] considered the liquid phase as a one-dimensional
flow; Li et al. [21] treated it as a two-dimensional flow. How-
ever, to discuss the performance of the heat pipe clearly
under different working conditions, the effect of the vapor
phase should be taken into full consideration. Faghri et al.
took full researches on who resolved originally the velocity
field of the vapor phase in rotating heat pipes in [22] and
who got the complex distribution of vapor phase parameters
in high rotating speed. In their article, the effect of the radial
Reynolds number Rer on the vapor flow was intensively dis-
cussed, and it is found that when Rer is small, the circumfer-
ential velocity is proportional to the radius and the field takes
on the feature of plane flow; when the Rer is large enough, the
linear relationship between the circumferential velocity and
the radius was broken, with the velocity becoming larger at
the evaporation section and smaller at the condensation sec-
tion, which indicated some circumferential forces existing
and becoming obvious at high rotation speed, and it is just
the Coriolis force. An Indian scholar, Solomon et al. [23],
pointed out that vapor flow in the rotating heat pipe is
affected by the Coriolis force to some extent, and this is the
first literature to date pointing out the existence of the Corio-
lis force in rotating heat pipes.

In summary, it can be seen that vapor flow in a rotating
heat pipe is very complicated, and its flow pattern has a sig-
nificant impact on the whole performance of a rotating heat
pipe; however, theoretical models aiming for rotating heat
pipe simulating and mechanism revealing are insufficient. It
is worth studying whether the heat transfer characteristics
of a rotating heat pipe found by Ponnappan et al. at high
rotation speed are affected by the vapor flow pattern, and the
dynamics and thermodynamics law of vapor flow of a rotating
heat pipe at high rotation speed or at high heat load is also
needed to be further clarified. Thus, in this article, it is aimed
to obtain the flow of vapor in rotating heat pipes by an analyt-
icalmethodbasedonthehypothesis ofpotentialflowandespe-
cially explore the Coriolis force inflicted to the vapor phase.

2. Establishment of Physical
Model for Calculation

For the sake of convenience of theoretical research and via-
bility of the analytical method to get the solution of vapor
flow, a two-dimensional rotating heat pipe model was estab-
lished, which is also the mainstream model for rotating heat
pipe research, and the structure of which is shown as the

following figure: the rotating heat pipe has a rotating shell
which was installed on the object it cools, heat was sucked
on the left side—the evaporator, and released on the right
side—the condenser, and the middle part of the pipe corre-
sponds to the adiabatic section. The liquid film is attached
to the inner wall of the shell, under the function of the cen-
trifugal force. It is advisable and reasonable to suppose that
the centrifugal force is large enough, so the variation of the
thickness of the liquid film along the direction of the axis
can be neglected. The vapor phase flow is driven by the phase
change at the liquid-vapor interface, which constitutes the
boundary condition of the vapor phase flow. The length of
the evaporator is denoted as l1, and the length of the con-
denser is denoted as l2. The heat flux at the evaporator is
denoted as q1, and the heat flux at the condenser is denoted
as q2. Accordingly, the velocity boundary condition of the
vapor flow at the evaporator is denoted as u1, and that at
the condenser is denoted as u2. For the sake of convenience,
the inner diameter of the heat pipe is denoted as 2b, and
the radius of the liquid-vapor interface is denoted as a, so
the thickness of the liquid film is b-a.

3. Mathematical Descriptions of the Model and
Simplification of the Governing Equations

To solve the vapor flow in the physical model shown in
Figure 1, it should be based on the NS functions coupled with
the energy function and state function under rotating coordi-
nates. In order to obtain the analytical solution, the flow of
the vapor is supposed to be the potential flow; under which
hypothesis, the above functions can be simplified to a great
extent. The universal form of NS functions is the vector form,
as shown below:

ρ
d v
dt

= −∇p + ρ f + μ∇2 v 1

This form is regardless with the coordinates, and for the
case of rotating coordinates, which is a noninertial system,
the function that the relative velocity v r satisfies has the
same form as (1), with the difference of the mass force item,
which can be expressed as

ρ
d v r
dt

= −∇p + ρ f + μ∇2 v
r
,

f = −2ω × v r − ω × ω × r ,
2

in which the mass force f is an inertial force, the first item is
the Coriolis force, and the second item is the centrifugal
force. Between the two forces, the former is a nonpotential
force and the direction of it is circumferential, while the latter
is a potential force and the direction of it is radial. In most lit-
eratures, the Coriolis force is often neglected, and only the
centrifugal force is taken into account, such treatment can
make the model simple and, to some extent, can result in
with acceptable accuracy. So firstly, the Coriolis force is also
neglected by former researchers, and the mathematical
model can be simplified accordingly, and then the estimation
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of the Coriolis force is carried out based on the obtained solu-
tion. For the potential hypothesis, the viscous item in (2) can
be neglected, and therefore, the governing equations can be
reduced into

ρ
d vr
dt

= −∇p − ρω × ω × r 3

In summary, the hypothesis applied for this problem is
listed below explicitly:

(1) The flow is a two-dimensional plane flow, and the
circumferential velocity is neglected.

(2) The viscous items concerning the parameter viscosity
are all neglected, so the flow is the potential flow.

(3) The vapor phase is incompressible, and its state
parameters are all saturated ones.

(4) Estimation of the Coriolis force is based on the
potential flow, but in the solving process, the Coriolis
force is neglected, so that their coupling relationship
is simplified.

So supposing the potential function of the velocity v r is
denoted as ψ, then it should satisfy the Laplace function, as
shown below:

∇2ψ = 0 4

4. Solving the Velocity Field of the Vapor Phase

The calculating region of the mathematical problem above is
written as

0 ≤ r ≤ a,
0 ≤ z ≤ L

5

The left boundary condition of the vapor flow is

∂ψ
∂z

= 0, z = 0 6

And the right boundary condition is

∂ψ
∂z

= 0, z = L 7

The boundary condition at the symmetry axis is

∂ψ
∂r

= 0, r = 0 8

The boundary condition at the vapor-liquid interface is

∂ψ
∂r

=
u1, 0 < z < z1,
0,  z1 < z < z2,
u2, z2 < z < L,

 r = a 9

The notations z1 and z2 are defined as

z1 = l1,
z2 = L − l2

10

The governing equation (4) can be denoted below in
rotating coordinates:

1
r
∂
∂r

r
∂ψ
∂r

+ 1
r2
∂2ψ
∂φ2 + ∂2ψ

∂z2
= 0 11

For the two-dimensional plane flow problem discussed in
this paper, the second item in (11) can be neglected, and the
governing equation can be turned as

1
r
∂ψ
∂r

+ ∂2ψ
∂r2

+ ∂2ψ
∂z2

= 0 12

This equation can be solved by the variable separation
method, and its analytical solution can be expressed in (13);
the deduction process of which is illustrated in the appendix.

ψ = 〠
+∞

m=1
Amcos βmz I0 βmr 13

L
l1

ab u1

l2

u2

q1 q2

Shell

Liquid film

Vapor phase

Adiabatic section

q1 q2

z
r u1 u2

Figure 1: Physical model of the rotating heat pipe to be solved.
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It is taken as the form of a series, in which βm is the eigen-
values and can be calculated as below:

βm =mπ
1
L
, m = 0, 1, 2, 3,… 14

Am is the coefficient of each item in the series. I0(βmr) is
the zero-order modified Bessel function. The partial differen-
tials of the function ψ to r and z are the two velocity solutions,
ur and uz, which are shown below:

ur =
∂ψ
∂r

= 〠
+∞

m=1
Amcos βmz I1 βmr βm,

uz =
∂ψ
∂z

= − 〠
+∞

m=1
Amsin βmz I0 βmr βm

15

The coefficient Am is determined by the boundary condi-
tion (9), and for different boundary conditions, they have dif-
ferent values. The derivation process is illustrated in the
appendix, and the results are shown below.

4.1. Linear Distribution of the Boundary Velocity. When the
distribution of heat flux is linear, the boundary condition of
the radial velocity of the vapor flow is linear, and it can be
described as

u1 z = −k1z, 0 ≤ z ≤ l1,
u2 z = k2 L − z , z2 ≤ z ≤ L

16

And the solution of the coefficients Am is shown below:

4.2. Uniform Distribution of the Boundary Radial Velocity.
When the distribution of heat flux is uniform at the evapora-
tion and condensation sections, the boundary condition of
the radial velocity of the vapor flow is also uniform, and it
can be described below:

u1 z = −U1, 0 ≤ z ≤ z1,
u2 z =U2, z2 ≤ z ≤ L

18

And the solution of the coefficients Am is shown below:

Am = −
2

I1 βma mπ

1
βm

U1 sin βml1 +U2 sin βmz2

19

4.3. Uniform and Symmetric Distribution of the Boundary
Radial Velocity. One special case of the uniform distribution
of boundary condition is the symmetric case, in which the
length of the evaporator and that of the condenser are equal
and the magnitude of radial velocity U1 and that of radial
velocity U2 are equal too, as shown below:

ur a =
−U , 0 ≤ z ≤ l1,
0, l1 ≤ z ≤ L − l1,
U , L − l1 ≤ z ≤ L

20

For this case, the solution of the coefficients is shown
below, which means that the even terms are all zero.

Am =

U
βm

−4 sin βml1
I1 βma mπ

, βm = 2k + 1 π

L
,

0, βm = 2k π

L

21

So the final solution of the velocity potential can be
expressed as

ψ = 〠
+∞

k=0

−4U
βk

I0 βkr
I1 βka

cos βkz sin βkl1
2k + 1 π

, βk = 2k + 1 π

L

22

And the velocities ur and uz can be expressed as

ur =
∂ψ
∂r

= 〠
+∞

k=0
− 4U I1 βkr

I1 βka
cos βkz sin βkl1

2k + 1 π
, βk = 2k + 1 π

L
,

uz =
∂ψ
∂z

= 〠
+∞

k=0
4U I0 βkr

I1 βka
sin βkz sin βkl1

2k + 1 π
, βk = 2k + 1 π

L

23

5. Results and Discussion

5.1. The Potential Solution of the Flow Field for Three Cases of
Boundary Condition. Directed by the analytical solution
obtained above, a specific heat pipe was calculated; the struc-
ture parameters of which were set as follows: the length L is
200mm, the inner diameter of the heap pipe is 40mm, and
the thickness of the liquid film is 4mm. In order to compare
the influence of boundary condition on the distribution of
vapor flow, especially the Coriolis force, three cases for differ-
ent heat loads are calculated which are (1) uniform as well as
symmetric distribution, (2) linear distribution, and (3) uni-
form but asymmetric distribution of heat load.

The calculated flow field for case (1) is drawn as Figure 2,
in which the velocity field of the liquid film is also exhibited,
which is obtained with the same method as the vapor flow. In
this case, the length of the evaporator and that of the con-
denser are both 40mm. In the figure, the black lines denote
the streamline; the vectors denote the direction and the mag-
nitude of the velocity at each point, while the colored lines

Am = 2
I1 βma mπ

1
βm

−k1l1 sin βml1 −
k1
βm

cos βml1 − 1 − k2l2 sin βmz2 −
k2
βm

cos mπ − cos βmz2 17
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stand for the contour line of the velocity potential. In the
figure, subfigure (a) corresponds to the velocity field of the
liquid film at the evaporator; subfigure (b) corresponds to
the velocity field of the liquid film at the condenser section;
subfigure (c) corresponds to the velocity field of the vapor
phase at the evaporator; and subfigure (d) corresponds to
the velocity fields of the vapor phase at the condenser section.

Figure 3 exhibits the wholesome vapor flow field of the
rotating heat pipe for the boundary condition as case 2, in
which the heat load at the evaporator and the condenser is
linearly distributed. The length of the evaporator is 40mm,
and along the axial direction of z, the heat source at the evap-
orator increases linearly; the length of the condenser is

120mm, and along the axial direction of z, the heat sink at
the condenser decreases linearly.

Figure 4 exhibits the wholesome vapor flow field of the
rotating heat pipe for the boundary condition as case 3, in
which the heat load at the evaporator and the condenser is
uniformly distributed. The length of the evaporator is
40mm, and the length of the condenser is 120mm. As the
length of the evaporator and that of the condenser are not
identical, therefore, the magnitudes of the heat load as well
as the boundary velocity at both sides are not equal.

5.2. Discussion of the Coriolis Force. Once the solution of the
velocity field is obtained, the Coriolis force can be discussed,
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Figure 2: Potential solution of the flow field for the case with uniform and symmetric boundary condition. (a) Liquid film at the evaporator.
(b) Liquid film at the condenser. (c) Vapor phase at the evaporator. (d) Vapor phase at the condenser.
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Figure 4: Potential solution of the flow field for the case with uniform but asymmetric boundary condition.
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which is closely related with the radial velocity, and is calcu-
lated by the following:

f c = 2urω 24

In the equation, fc denotes the Coriolis force per unit
mass, so its dimension is that of acceleration, m/s2, ur denotes
the radial velocity of the working fluid, and ω denotes the
absolute angular velocity relative to the ground; as the flow
is supposed to be a plane flow, it is equal to the angular veloc-
ity of the shell. It can be deducted that the Coriolis force is
proportional to the rotating speed of the rotating heat pipe,
but it is also noticeable that when the circumferential velocity
is taken into account, the angular velocity of the working
fluid and that of the shell are not equal, which is just the
result of the Coriolis force.

In this article, a specific working condition is calculated,
in which the rotating speed n is 3000 rpm, the structure
parameters are the same as that discussed above, the working
fluid is R134a, which is a common refrigerant, and the work-
ing temperature of the vapor phase T is 50°C, so its calculat-
ing parameters are presented in Table 1.

The heat load conditions are also set for three cases as
before; for the uniform distribution cases, the heat source is
set to be 5W/cm2, and for the linear distribution case, its total
heat load is set to be equal to the other two cases. The distri-
bution of the Coriolis force along the axial direction is exhib-
ited in Figure 5. In this figure, subfigure (a) exhibits the
distribution of the Coriolis force in the vapor phase in the
case with linear distribution of heat load; subfigure (b)
exhibits the distribution of the Coriolis force in the vapor
phase in the case with uniform but asymmetric distribution
of heat load; and subfigures (c) and (d) exhibit the distribu-
tion of the Coriolis force in the vapor phase and the liquid
film in the case with uniform and symmetric distribution of
heat load.

It can be seen that the direction of the Coriolis force at the
evaporator and that at the condenser are different, the Corio-
lis force at the adiabatic section is negligible, and as the radial
coordinates increase, the magnitude of the Coriolis force
increases, so the maximum value of the Coriolis force is
located at the interface of the liquid-vapor phase. And it
can also be observed that the magnitude of the maximum
Coriolis is that of the gravitational acceleration g. As the
rotating velocity 3000 rpm is a typical value, such as the
dynamos and steam turbines in power plants and the heat
load is not an extreme value, it is reasonable to consider the
Coriolis force in rotating heat pipes. From subfigures (c)
and (d), it can also be concluded that the Coriolis force in
the vapor phase is much larger than that in the liquid phase
and, in the liquid phase, the Coriolis force can be negligible.

Figure 6 exhibits the distribution of the Coriolis force
along the radial direction. In this figure, subfigure (a) exhibits
the distribution of the Coriolis force in the vapor phase in the
case with a linear distribution of heat load; subfigure (b)
exhibits the distribution of the Coriolis force in the vapor
phase in the case with uniform but asymmetric distribution
of heat load.

In this figure, z=30mm is located at the evaporator sec-
tion, z=50mm is located at the adiabatic section, z=160mm
is located at the condenser section, and z=45mm is located
at the boundary of the evaporator section and the adiabatic
section. It can be seen that, at the most region of the evapora-
tor and the condenser sections, the relationship between the
Coriolis force and the radial coordinate is nearly linear, and
the more uniform the boundary condition is, the stronger
the linearity is. But it is also noticeable that this solution is
based on a two-dimensional plane flow; if the circumferential
velocity is taken into consideration, further investigation into
the degree of this linearity is needed.

The magnitude of the Coriolis force is influenced by
working conditions such as the heat load q and the working
temperature of the vapor phase T. What is more, it has a great
relationship with the working fluid itself. Figure 7 exhibits
the maximum Coriolis forces at different working conditions
for two specific working fluids: R134a (a) and water (b), and
boundary condition distribution for both working fluids is as
case (1): uniform and symmetric.

From Figure 7, it can be seen that the magnitude of the
Coriolis force decreases with working temperature and
increases with the heat load. It can also be found that the Cor-
iolis force is larger when the working fluid is water, compared
with R134a. As the heat loads calculated are possible ones, it
can be concluded that it is possible for the Coriolis force to be
1~10 times the gravitational acceleration.

5.3. Viscous Shear Stress at the Interface. From the obtained
axial velocity, the shear stress can be discussed. Because of
the potential flow, hypothesis neglects the viscous items in
the governing equation, so at the interface of the liquid and
vapor phases, the calculated velocity cannot be continuous,
as shown in Figure 8.

From this figure, the viscous shear stress can be evalu-
ated by the axial velocity difference of the vapor and liquid
phases across the interface. Subfigure (a) corresponds to
the case of linear distribution boundary condition, and
subfigure (b) corresponds to the case of the uniform but
asymmetric distribution boundary condition. The total
heat loads for the two cases are equal, and the heat flux
of the evaporator for uniform distribution case is 5W/
cm2. For the two cases, the length of the evaporator and
that of the condenser are identical, which means that
z=30mm is located at the evaporator section, z=45mm
is located at the adiabatic section, and z=140mm and
z=160mm are located at the condenser section. It can
be seen that the axial velocity of the liquid phase is
approximately zero and the maximum axial velocity differ-
ence is located at the adiabatic section. So the viscous

Table 1: Calculating parameters for the specific case.

Parameter/unit Value Parameter/unit Value

T/°C 50 n/rpm 3000

hfg/kJ/kg 151.82 Ur/m/s 0.005

ρv/kg/m
3 66.27 q/W/cm2 5
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shear stress at this region needs to be further investigated
based on a more accurate model, in which the viscous
items should be taken into account.

It can be deducted that if the nonslip boundary condition
is considered, the gradient of the axial velocity along the axial
direction will shift a lot, so according to the continuity equa-
tion, which is written below, the gradient of the radial veloc-
ity along the radial direction will shift a lot, and the linearity
relationship between the Coriolis force and the radial direc-
tion indicated by the potential flow solution will change,
and a more exact relationship needs to be explored.

∂ur
∂r

+ ∂uz
∂z

= 0 25

6. Conclusions and Outlooks

The analytical solution of the vapor flow in rotating heat pipes
was obtained in the hypothesis of potential flow and with the
method of variable separation, which is a solution of a series
form. A specific rotating heat pipe was examined under the
three kinds of boundary conditions: linear distribution, uni-
formbut asymmetric distribution, anduniformaswell as sym-
metric distribution of heat load. The flow field was calculated,
and the Coriolis force is estimated for different boundary con-
ditions, different working fluids, and different working condi-
tions, and the following conclusions were arrived:

(1) When neglecting the Coriolis force and the viscous
item in the governing equations, it is viable to obtain
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Figure 5: Distribution of the Coriolis force along the axial direction for different cases. (a) Distribution in vapor for case 2. (b) Distribution in
vapor for case 3. (c) Distribution in vapor for case 1. (d) Distribution in liquid film for case 1.
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the analytical solution of the working fluid flow, espe-
cially for the vapor phase, with the method of variable
separation, and such method is applicable for any
cases of heat load distribution.

(2) The magnitude of the Coriolis force can be that of the
gravitational acceleration; for rotating heat pipes with
high speed and large heat load, the Coriolis force
needs to be considered.

(3) Along the axial direction, the maximum Coriolis
force is located at the vapor-liquid interface at the
evaporator and condenser sections, and the direc-
tions of the Coriolis force at these two sections are
opposite, while at the adiabatic section, the Coriolis
force is negligible.

(4) The Coriolis force is closely related with working
conditions and working fluids, and it decreased
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Figure 6: Distribution of the Coriolis force along the radial direction for different cases. (a) Distribution in vapor for case 2. (b) Distribution
in vapor for case 3.
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with working temperature and increased with the
heat load.

(5) The influence range of the viscous force can be esti-
mated according to the axial velocity difference of
the vapor phase and the liquid phase across the inter-
face, and the maximum viscous shear stress is located
at the adiabatic section.

6.1. Outlooks. As the Coriolis force can result in the circum-
ferential velocity, it can be inferred that the flow can take on
circumferential shift, both in the evaporator section and in
the condenser section. As the directions of the Coriolis force
are opposite in the two sections, the circumferential velocity
is also opposite. So the mutual interaction of the distribution
of the circumferential velocity and the Coriolis force as well
as the viscous shear stress are needed to be further clarified.

Appendix

A. Deduction of the Series Form Solution

A.1. General Solution of the Velocity Potential Solution. For
the governing equation of the velocity potential function
(12), it is supposed that its solution can be expressed as

ψ = R r Z z A 1

Substituting it into function (12), it is obtained that

1
r
Z
dR
dr

+ Z
d2R

dr2
+ R

d2Z

dz2
= 0 A 2

Dividing it with equation ψ=ZR, it is obtained that

1
r
dR
Rdr

+ d2R

Rdr2
+ d2Z

Zdz2
= 0 A 3

If this equation is always satisfied regardless of any vari-
ables, then it can be supposed that

1
r
dR
Rdr

+ d2R

Rdr2
= −

d2Z

Zdz2
= β2 A 4

And for the function Z, the following function should
be satisfied:

d2Z

dz2
+ β2, Z = 0 A 5

And the boundary conditions are shown below:

dZ
dz

= 0, z = 0,

dZ
dz

= 0, z = L

A 6

The solution to the above problem is a solution system,
which can all be written as the form

Z = cos βmz , A 7

in which the eigenvalue βm is

βm = mπ

L
, m = 0, 1, 2, 3,… A 8

While for function R, it satisfies the function below:

d2R

dr2
+ 1
r
dR
dr

− β2, R = 0 A 9
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This function is a zero-order modified Bessel equation,
and its boundary conditions are shown below:

dR
dr 0

= 0, A 10

dR
dr a

=
u1, 0 < z < z1,
0, z1 < z < z2,
u2, z2 < z < L

A 11

According to boundary condition (A-10), it is convenient
to express the solution of R as shown below:

R = I0 βmr , A 12

where the notation I0 stands for the first kind zero-order
modified Bessel function. And thus, the solution of the prob-
lem discussed in this article can be expressed as a series:

ψ = 〠
+∞

m=0
Amcos βmz I0 βmr , A 13

where the notation Am is a series of coefficient to
be determined.

A.2. Settlement of the Coefficients Am for a Given Boundary
Condition. Once the expression of the velocity potential has
been obtained, the velocity field can be deducted by the par-
tial difference of ψ to the two coordinate variables, r and z,
and the expression of the radial velocity ur and the axial
velocity uz can be written as follows:

ur =
∂ψ
∂r

= 〠
+∞

m=1
Amcos βmz βmI0 βmr , A 14

uz =
∂ψ
∂z

= − 〠
+∞

m=1
Amsin βmz βmI0 βmr A 15

And the coefficient Am can be determined based on radial
velocity expression (A.14) by the orthogonal integral
method, which takes into account boundary condition
(A.11) and multiplies function (A.7) to the two sides of
(A.14) and then makes integral at the boundary r= a, so
the left side became

J lef t =
L

0

∂ψ
∂r

cos βmz dz =
z1

0
u1cos βmz dz +

L

z2

u2cos βmz dz

A 16
The symbol Jleft stands for the integral above, and by inte-

gration by parts, it can be transformed into the following
form:

J lef t =
1
βm

u1 z1 sin βmz1 − u2 z2 sin βmz2

−
l1

0
sin βmz du1 −

L

z2

sin βmz du1

A 17

The specific expression is determined by the specific
expression u1 and u2. For the linear distribution of boundary
condition (A.11), as shown in (16), the expression of (A.17)
can be obtained as shown below:

For the uniform distribution of boundary condition (A.11),
as shown in (18), expression (A.17) can be written as

J lef t = −
U1
βm

sin βml1 −
U2
βm

sin βmz2 A 19

For the uniform and symmetric distribution of boundary
condition (A.11), as shown in (20), expression (A.17) can be
written as

J lef t =
−2 U

βm

sin βml1 , βm = 2k + 1 π

L
,

0, βm = 2k π

L

A 20

The orthogonal integral to the right side of (A.14) can be
expressed as

Jright =
L

0
〠
+∞

m=1
Amcos βmz βmI0 βma cos βmz dz A 21

And its result is shown below, which is universal and
regardless of the specific form of boundary condition (A.11).

Jright =
1
2AmI0 βma mπ A 22

The two sides of the orthogonal integral are equal, so the
coefficient Am can be obtained, as shown below:

Am = 2JL
I1 βma mπ

A 23

In the expression above, the derivative of the zero-
order modified Bessel function I0′ is substituted by I1,
which is the first-order modified Bessel function and is
just the derivative of the zero-order modified Bessel

J lef t =
1
βm

− k1l1sin βml1 + k2l2sin βmz2 −
k1
βm

cos βml1 − 1 −
k2
βm

cos mπ + k2
βm

cos βmz2 A 18
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function. The above equation is applicable for cases when
m> 0, while for m=0, the first term in (A.13) is

A0cos 0 I0 0 = A0 A 24

This item is a constant but cannot be settled by the
method of orthogonal integral to the partial difference of
the potential function, so its value is unknown. But for the
problem we care, this constant has no influence on the settle-
ment of the velocity field, because it can be eliminated by der-
ivation. So for the sake of simplicity, its value is given as 0. So
the solution of velocity potential (A.13) can be rewritten as

ψ = 〠
+∞

m=1
Amcos βmz I0 βmr A 25

Nomenclature

Denotation/unit: Physical meaning
a/mm: Radius of the vapor-liquid interface
Am/m

2/s: Coefficients of each item in the solution
series

b/mm: Inner radius of the shell
fc/m/s2: Coriolis force per unit mass
hfg/kJ/kg: Latent heat of evaporization
I0: The zero-order modified Bessel function
I1: The first-order modified Bessel function
k1/s

−1: Coefficient of linear velocity boundary
condition at the evaporator

k2/s
−1: Coefficient of linear velocity boundary

condition at the condenser
L/mm: Length of the rotating heat pipe
l1/mm: Length of the evaporator
l2/mm: Length of the condenser
m: Serial number of each item in the

solution series
n/rpm: Rotating speed of the heat pipe
p/Pa: Pressure of the working fluid
q1/W/cm2: Heat load at the evaporator
q2/W/cm2: Heat load at the condenser
r/mm: Radial coordinate
R: Separated function about r
T/K(°C): Working temperature of the vapor phase
u1/m/s: Velocity boundary condition at the

evaporator
U1/m/s: Uniformly distributed velocity boundary

condition at the evaporator
u2/m/s: Velocity boundary condition at the

condenser
U2/m/s: Uniformly distributed velocity boundary

condition at the evaporator
ur/m/s: Radial velocity solution
uz/m/s: Axial velocity solution
z/mm: Axial coordinate
Z: Separated function about z
βm: Eigenvalues of the solution
ψ/m2/s: Velocity potential
ω/s−1: Angular velocity
ρv/kg/m

3: Density of the vapor phase.
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This work is to study a novel solar PCM storage wall technology, that is, a dual-channel and thermal-insulation-in-the-middle type
solar PCM storage wall (MSPCMW) system. The system has the following four independent functions, passive solar heating, heat
preservation, heat insulation, and passive cooling, and it can agilely cope with the requirements of climatization of buildings in
different seasons throughout the year and is exactly suitable for building in regions characterized by hot summer and cold
winter. The present work experimentally analyzes thermal feature of the systemworking in summer and winter modes, respectively.

1. Introduction

The application of solar energy in buildings to reduce the
final energy consumption of conventional energy is an
important approach to develop a low-carbon society. The
way the phase change material (PCM) provides indirect heat
storage is related to energy absorption, which turns into
latent heat instead of self-temperature rise. Phase change
material (PCM) has strengths of small volume, low tempera-
ture, and high heat storage. Therefore, it is a good and
efficient heat storage material to be used in building climati-
zation. Hence, the investigation of applying the combination
of PCM storage technology and solar energy technology to
energy efficient building emerges and receives more and
more attention.

Focusing on reducing energy consumption for space
heating in building, much work has been done to study and
use Trombe wall system which is a high-efficiency simple
structure that does not require maintenance [1]. Although
this system has been well developed, hurdles remain such
as the low annual utilization rate in places with hot and
lengthy summer and the often suffering problem of summer
overheating [2, 3]. Therefore, its broad application, improve-
ment, and development have been implemented in the
decades since it was proposed. Jie et al. [4, 5] made a lot

of efforts on investigation of a PV-Trombe wall system.
Koyunbaba et al. [6] proposed a BIPV Trombe wall model
by computational fluid dynamics (CFD) analysis. The three-
dimensional model for the shutter structure of Trombe wall
was established in [7], and the comparison with experimental
data and an optimal design scheme were conducted. But
there are a few research work for the combination of Trombe
wall technology and PCM envelope structure.

With regard to the combination of solar energy applica-
tion technology and PCM envelope structure, current
researches and discussions mainly focus on PCM floor [8],
PCM wall [9–12], and PCM roof [13, 14]. Soares et al. [15]
demonstrated that the approach of combining solar energy
utilization technology and PCM envelope structure can
effectively reduce the room temperature fluctuation in solar
energy building caused by lack of solar energy during the
night or uncertain weather, thus enhancing the in-room
thermal comfort. However, some large areas of China are
characterized by hot summers and cold winters and usually
require more than three months of air conditioning cooling.
In winter, buildings need heating/heat preservation, while in
summer they need heat cooling/insulation. Since solar energy
is a thermal energy, it can be used conveniently for building
heating in winter, but it can also cause overheating and heavy
load of air conditioner in summer. Thus, in regions with hot
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summers and cold winters, current solar PCM storage tech-
nology cannot fully satisfy the application requirements.

Based upon the analysis above, a former work proposed a
novel solar PCM storage wall technology that combines
Trombe-wall-like technology and phase change material
storage technology, that is, a dual-channel and thermal-
insulation-in-the-middle type solar PCM storage wall
(MSPCMW) system [16]. This system has the following four
independent functions: passive heating, heat preservation,
heat insulation, and passive cooling. Therefore, it can easily
cope with the requirements of different seasons throughout
the year when applied to buildings in regions with hot sum-
mers and cold winters. To deeply experimentally analyze
thermal feature of the system working in summer and winter
modes, respectively, temperature variation and distribution
of PCM plates, insulated absorbing plate, and air channels
are studied by comparison of temperature difference between
the monitoring nodes in the present work.

2. Principles of MSPCMW System and
Experiment Introduction

MSPCMW system is a combination of Trombe-wall-like
technology and phase change material storage technology.
A schematic of the system is shown in Figure 1, mainly con-
sisting of a MSPCMW module and a hot-box room with
indoor upper and lower vents. The module includes PCM
wall, thermal insulation layer, interior and exterior flow
channels, heat-absorbing aluminum plate covered by selec-
tive absorption coating, indoor upper and lower vents, out-
door upper and lower vents, insulation layer upper and
lower vents, glass cover board, and frame. Heat-absorbing
aluminum plate and thermal insulation layer are combined
as insulated absorbing plate. The structure in which interior
and exterior flow channels are separated by thermal insula-
tion layer differs from the single-channel structure of conven-
tional Trombe wall system. The detailed operationmodes and
functions are as follows:

Summer mode: (a) Heat insulation mode: in summer’s
daytime, when building needs thermal insulation protection,
the indoor and middle layer upper and lower vents are
closed, while the outdoor ones are kept opened. Ambient
wind pressure together with thermosiphon pressure would
form a circular flow between the exterior channel and the
outdoor air that takes the solar energy absorbed by alumi-
num plate back to the environment. Meanwhile, the thermal
insulation layer prevents heat conduction into the room,
reducing building’s absorption of solar energy. (b) Passive
cooling mode: when building needs insulation protection,
such as summer’s night, the indoor upper and lower vents
are shut while the middle layer and outdoor ones are kept
opened. Under the action of ambient wind pressure, the
formed circular flow among the interior channel, the exterior
channel, and the outdoor cool air can cool down the PCM
wall, reducing indoor air temperature and storing PCMwall’s
cold energy.

Winter mode: (a) Solar passive heating function: in
winter daytime, when building needs heating, the outdoor
upper and lower vents of system close, the middle layer ones

open, and the indoor ones can open/close to implement
the interactive adjustment between the indoor temperature
rise rate and the stored heat amount of PCM. Aluminum
absorbing plate heats up the air of exterior flow channel
by absorbing solar radiation irradiated on it. Among the
air in the exterior channel, the interior channel, and
indoor, the natural circulation due to thermosiphon occurs
and induces circular exchange, heating up PCM wall and
indoor air, eventually achieving the solar passive heating
in building. (b) Heat preservation function: in winter
nights, when the building needs heat preservation, the
indoor, outdoor, and middle layer upper and lower vents
all close, and PCM wall transfers the heat stored during day-
time into the room via heat conduction to its neighboring
building wall. In addition, the thermal insulation layer
composed of insulation material can block the heat loss
toward outdoor as much as possible.

The experimental test of the system was carried out on a
comparative hot-box test platform located in Hefei City,
Anhui Province, characterized by hot summer and cold win-
ter zones. The test system included two hot-box rooms. The
experimental room was the hot-box room installed with
MSPCMW module, and the other one was the reference
room. PCM wall was made by orderly laying and pasting 11
PCM plates on the building’s south-facing wall using thermal
silicone grease. Each plate measured 0.45m× 0.3m× 0.01m
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Heat-absorbing plate
Frame and glass cover
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Figure 1: The structural principle of the proposed system and the
arrangement diagram of thermocouples.
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(L, W, and H). Figure 2 presents the array pattern of PCM
plates and monitoring point distribution of thermocouples.
The plate was wrapped in aluminum and plated with anticor-
rosive coating. Its interior components are crystalline hydrate
and organic PCM; thus, it benefits from both phase change
materials of hydrate and organic matter.

Copper-constantan thermocouple with ice-point com-
pensation (accuracy of ±0.2°C) measures the temperature of
experimental system. Five thermocouples are arranged in
the interior air channel and the exterior air channel, respec-
tively. Three thermocouples are placed on heat-absorbing
aluminum plate, and one is on the back of the insulation layer
(shown in Figure 1). There are 5 thermocouples placed on
internal surfaces (bonding with the south wall surface) of
the middle PCM plates (plates 1, 2, and 3). The locations of
measuring points are referred to as circular marks in
Figure 2. As shown, three monitoring points are evenly
arranged on PCM plate 2 along vertical direction, and the
other two are, respectively, positioned in the center of PCM
plates 1 and 3. The measuring system also includes ambient
temperature measurement and total solar radiation intensity
of south-facing vertical surface obtained by TBQ-2 pyran-
ometer. All temperature data and radiation data are collected
in real time by Agilent 34970A data collector.

3. Results and Discussions

3.1. Summer Mode. The summer tests were conducted during
August 28–30, 2016, in which the outdoor vents were kept
opened while the indoor vents were kept closed; the middle
layer vents were shut during daytime and opened during
the night, and the switching time was around 7 : 00 and
17 : 30.

3.1.1. Temperature Variation and Distribution of PCM Plates.
Figure 3 shows comparison of interior side temperature dif-
ference between centers of the upper, middle, and lower
PCM boards. TB-E is the temperature difference between
nodes B and E, and TD-B is the temperature difference
between nodes D and B, which are shown in Figure 2. To
reduce noise in experimental data, each of the variation curve
is processed based on the smooth regression analysis method
as well as the following curves. As is given, during the three-
day continued test, the temperature of the upper position was
higher than that of the lower position most of the time. But
about 0–8 o’clock each day, the temperature difference was
relatively small. Besides, according to the smooth regression
analysis, it shows that TB-E had two evident peaks and only
one peak showed in TD-B contrastively. For example, in the
second day, the two extrema of TB-E were, respectively,
3.0°C and 3.1°C, reached at 12 : 00 and 19 : 34, respectively,
meanwhile the only extremum of TD-B was 4.1°C, reached
at 11 : 28.

Figure 4 shows the temperature difference between the
three nodes on the middle of PCM plate 2, shown as A, B,
and C in Figure 2. TB-C is the temperature difference between
nodes B and C, and TA-B is the temperature difference
between nodes A and B. As shown during the three-day test,
similar to the situation shown in Figure 3, the temperature

difference presented the behavior of daily fluctuation, lower
position’s temperature was higher than the upper position’s,
and temperature difference also became small during 0–8
o’clock. Otherwise, both TA-B and TB-C showed only one
peak during daytime, and TB-C became negligible at night.
Also, take the second day for example, extremum of TA-B
was 1.4°C, reached at 11 : 20, meanwhile extremum of TB-C
was 2.3°C, reached at 14 : 26. It shows that the peak value
of TB-C had a delay phenomenon compared with that of
TA-B.

Figure 2: Arrangement diagram of PCM plate array and
thermocouples.
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3.1.2. Temperature Variation and Distribution of Insulated
Absorbing Plate. Figure 5 represents the temperature differ-
ence between the upper, middle, and lower heat-absorbing
aluminum plate and back of the insulation layer. Tup-mid is
the temperature difference between nodes “up” and “mid,”
Tmid-low is the temperature difference between nodes “mid”
and “low,” and Tfront-back is the temperature difference
between nodes “front” and “back,” which are shown in
Figure 1. As shown during the three-day test, Tup-mid rose till
the peak and decreased during daytime. Then at night,
Tup-mid maintained 0°C. The variation trend of Tmid-low is
similar to Tup-mid. The result demonstrates that the 3-day
experiment’s data was repetitive and that the temperature of
the upper position on heat absorber was higher than that of
the lower position during daytime. Otherwise, Tfront-back had
a trough, which was different from Tup-mid and Tmid-low.
After we opened the middle layer vents, wind from the
ambient came into the interior air channel and cooled the
PCM, and the PCM started releasing heat. The back temper-
ature of the insulation board would rise. For example, in the
third day, the detailed data is shown in Table 1.

3.1.3. Temperature Variation and Distribution of Air
Channels. Figure 6 shows variations of temperature differ-
ence between nodes of exterior air channel. There are 5 nodes
at exterior air channel, which are shown in Figure 1. As
shown, the temperature difference between exterior air chan-
nel was irregular, mostly because it was easily influenced by
the ambient air when the outdoor vents were opened in sum-
mer. Also, take the third day for example, the detailed data is
shown in Table 2.

Figure 7 shows variations of temperature difference
between nodes of interior air channel. There are 5 nodes at
interior air channel, which are shown in Figure 1. Different
from the exterior air channel, the temperature difference of
interior air channel was regular; in most time of the second
day, for example, the maximum temperature difference

increased with height. Besides that, the minimum and aver-
age values of T5’-4’, T4’-3’, T3’-2’, and T2’-1’ were relatively close.
The data is listed in Table 3.

3.2. Winter Mode. Similarly, 2-day continuous experimen-
tal tests of winter were conducted from 9 : 00 on Dec. 15
to 9 : 00 on Dec. 17 in 2015, during which the outdoor
vents were kept shut; the middle layer vents and the
indoor vents were kept opened during daytime and shut
during night, and the switching time was around 8 : 00
and 17 : 00.

3.2.1. Temperature Variation and Distribution of PCM Plates.
Figure 8 shows variations of temperature difference between
the centers of PCM plates 1, 2, and 3 in winter mode. Despite
the complex variation trend, most of the time in the 2-day
test, the upper position’s temperature is higher than that of
the lower position’s. For convenience, the data of the second
day was chosen for analysis. According to the smooth regres-
sion analysis, TD-B was approximately 0 during 0–8 o’clock.
And TD-B reflected an upward trend and reached the
extremum value of 5.4°C at 10 : 20. Then, a slight decrease
appeared, reached the extremum value of 3.5°C at 11 : 27,
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Figure 4: Temperature variation comparison for the nodes at the
internal surface of center PCM.
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Figure 5: Temperature difference between the upper, middle, and
lower heat-absorbing aluminum plates and back of the insulation
layer.

Table 1: Summarized result of temperature difference between the
upper, middle, and lower of heat-absorbing aluminum plate and
back of the insulation layer.

Max
Time to
reach max

Min
Time to
reach min

Average

Tup-mid 7.8°C 12 : 36 −0.1°C 5 : 08 2.2°C

Tmid-low 14.5°C 12 : 08 −0.4°C 2 : 48 4.1°C

Tfront-back 24.2°C 11 : 12 −2.2°C 18 : 52 6.0°C
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and kept rising till the extremum value reached 8.9°C at
15 : 25. Then, the temperature difference decreased again
and reached the extremum value of −1.5°C at 18 : 28 and kept
rising again till the extremum value reached 7.9°C at 23 : 04.
Finally, at night, TD-B maintained 0°C again similar as the

first day. Its first peak occurred because till 10 : 20 in the
second day, the top board started the phase change process.
Heat absorbed from the channel changed into latent heat,
so temperature difference will be diminished. The phase
change time difference between panels D and B was between
10 : 20 and 11 : 27. Then, after reaching the temperature dif-
ference of 8.9°C at 15 : 25, TD-B reached under 0°C because
position B changed phase firstly that means releasing heat
without temperature decrease. Then, TD-B rose again because
position D started the phase change process. Then, finally,
temperature difference tends to be 0°C at night. TB-E showed
similar trends, which are only some differences between the
extremum values and appear times.

Figure 9 shows temperature difference of the internal sur-
face of the middle PCM plate 2. As shown, in the second day,
during 0–8 o’clock on that day, average TB-C was 0.4

°C. Then,
TB-C rose at the peak temperature of 1.2°C at 10 : 00, fell off
and maintained the average temperature of 0.5°C, then went
up again and reached the extremum value of 1.6°C at 15 : 00.
And it fell off again and reached extremum value of 1.6°C at
18 : 33 and went up again at the max temperature of 3.7°C in
21 : 26. Then, at night, TB-C decreased to average temperature
of 0.4°C again. The variation trend of TB-C is similar to TD-B
in Figure 3. As for TA-B, the average value was −0.3
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Figure 6: Temperature difference between the nodes of the exterior
air channel.

Table 2: Summarized result of temperature difference between
nodes of the exterior air channel.

Max
Time to
reach max

Min
Time to
reach min

Average

T5-4 2.2°C 7 : 54 −1.2°C 13 : 26 0.2°C

T4-3 1.6°C 12 : 34 −0.3°C 5 : 24 0.4°C

T3-2 2°C 11 : 08 0.2°C 20 : 08 0.8°C

Te
m

pe
ra

tu
re

 (º
C)

24 28 32 36 40 44 48
Time (h)

T5’-4’
T4’-3’

T3’-2’
T2’-1’

−4

−2

0

6

4

2

8

Figure 7: Temperature difference between the nodes of the interior
air channel.

Table 3: Summarized result of temperature difference between
nodes of the interior channel.

Max
Time to
reach max

Min
Time to
reach min

Average

T5’-4’ 5.8°C 10 : 30 −0.7°C 1 : 14 1.5°C

T4’-3’ 4.0°C 11 : 24 0.2°C 6 : 08 1.6°C

T3’-2’ 2.2°C 11 : 17 0.1°C 5 : 01 0.9°C

T2’-1’ 2.8°C 15 : 44 −0.6°C 7 : 06 1.1°C
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Figure 8: Temperature variation comparison for the nodes on the
internal surface of center PCM.
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0–8 o’clock on the second day. Then, TA-B rose and reached a
new balance of 2.7°C during 11–16 o’clock approximately.
After that, TA-B started decreasing and kept an average
temperature of −1.5°C during 18–21 o’clock roughly. And it
rose at the peak temperature of 0.8°C in 23 : 27, then finally
decreased at the average temperature of 0.23°C at night.
The complex variation trends of TA-B and TB-C both indicate
the melting and freezing processes that did not occur syn-
chronously at the different positions along vertical direction
even for a single PCM plate.

3.2.2. Temperature Variation and Distribution of Insulated
Absorbing Plate. Figure 10 shows temperature difference
between the upper, middle, and lower heat-absorbing alumi-
num plates and back of the insulation layer. As is given,
during the two-day test, Tfront-back was higher than that in
the summer mode. On the one hand, the insulation layer
prevented an amount of heat from the front. On the other
hand, in the winter mode, the outdoor vents were closed, so
the temperature of heat-absorbing aluminum plate was very
high. The temperature of the upper position on heat-
absorbing aluminum plate was higher than that of the lower
position during daytime, which was similar to that of the
summer mode. The particular data is listed in Table 4.

3.2.3. Temperature Variation and Distribution of Air
Channels. Figure 11 shows variations of temperature differ-
ence between nodes of exterior air channel. As shown, the
upper position’s temperature of exterior air channel was
higher than that of the lower position’s. Temperature differ-
ence became high during daytime, and at night, it was
approximately 0°C. Other data is listed in Table 5.

Figure 12 shows variations of temperature difference
between nodes of interior air channel. As shown, T5′-4′
was higher than others during daytime and this situation
was also different from summer mode. In winter, the middle
layer vents were both opened during daytime, and high

temperature air mixed at the top of the channel, so the
temperature would be much higher at the lower position in
the interior channel. The detailed data is shown in Table 6.

4. Conclusions

This paper proposes a novel solar PCM storage wall technol-
ogy, that is, a dual-channel and thermal-insulation-in-the-
middle type solar PCM storage wall (MSPCMW) system.
By tests on a hot-box test platform, experimental tests and
analyses are conducted on the system, respectively, operating
in summer and winter modes. By comparison of temperature
difference between the monitoring points on surfaces of
PCM plates along vertical direction, temperature variation
and distribution of PCM plates are studied. The following
conclusions are obtained:

(1) Temperature variation and distribution of PCM
plates: (a) In summer mode, during 0–8 o’clock every
day, the temperature differences between centers of
the upper, middle, and lower PCM plates were all rel-
atively small. TB-E had two evident peaks; meanwhile,
only one peak showed in TD-B during the rest of the
time. Also, the temperature differences between the
upper, middle, and lower positions on the middle
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Figure 9: Comparison of the interior side temperature difference
between the upper, middle, and lower PCM boards.
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Figure 10: Temperature difference between the upper, middle, and
lower heat-absorbing aluminum plates and back of the insulation
layer.

Table 4: Summarized result of temperature difference between the
upper, middle, and lower heat-absorbing aluminum plate and
back of the insulation layer.

Max
Time to
reach max

Min
Time to
reach min

Average

Tup-mid 10.2°C 16 : 06 −0.6°C 7 : 36 2.2°C

Tmid-low 18.6°C 15 : 45 −0.7°C 6 : 20 5.8°C

Tfront-back 65.6°C 11 : 22 −8.3°C 17 : 30 14.5°C
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PCM plate became small during 0–8 o’clock; even the
value of TB-C became negative at night; and distinc-
tively, both TA-B and TB-C showed only one peak

during daytime. (b) In winter mode, both TB-E
and TD-B had numerous peaks each day during the
2-day continuous experimental tests, and the peak
phenomena represented there were obvious time
difference of melting process between the upper and
lower positions. TB-C showed the same trend as
TB-E, and TA-B showed three obvious peaks. Their
differences showed that melting and freezing pro-
cesses did not occur synchronously at the different
positions along vertical direction even for a single
PCM plate.

(2) Temperature variation and distribution of insulated
absorbing plate: Both in summer and winter modes,
the temperature of the upper position on heat
absorber was higher than that of the lower position
during daytime, while in winter mode, Tfront-back
was higher than that in summer mode.

(3) Temperature variation and distribution of air chan-
nels: (a) In summer mode, the temperature difference
between exterior air channel was irregular, while the
temperature difference of interior air channel was
regular, that is, the maximum temperature difference
increased with height. (b) In winter mode, air tem-
perature distribution in exterior and interior air
channels had a similar feature with that of the upper
position’s air temperature which was higher than that
of the lower position’s. Besides, in interior air channel
temperature, difference between the top position and
the adjacent position was much higher than that in
others during daytime and this situation was also
different from summer mode.
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Table 5: Summarized result of temperature difference between
nodes of the exterior air channel.

Max
Time to reach

max
Min

Time to reach
min

Average

T5-4 6.4°C 14 : 44 0.15°C 2 : 45 2.4°C

T4-3 6.7°C 15 : 46 0.22°C 7 : 22 2.2°C

T3-2 9.0°C 11 : 28 0.6°C 3 : 20 2.9°C

T2-1 11.3°C 14 : 33 0.1°C 2 : 49 2.9°C
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Figure 12: Temperature difference between the nodes of the
interior air channel.
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Figure 11: Temperature difference between the nodes of the
exterior air channel.

Table 6: Summarized result of temperature difference between
nodes of the interior air channel.

Max
Time to
reach max

Min
Time to
reach min

Average

T5’-4’ 20.1°C 12 : 14 −3.2°C 21 : 24 4.4°C

T4’-3’ 5.4°C 13 : 48 −0.5°C 7 : 36 2.4°C

T3’-2’ 3.3°C 11 : 06 −0.3°C 16 : 54 1.2°C

T2’-1’ 6.8°C 17 : 42 −0.9°C 8 : 36 2.8°C
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An experimental investigation of phase distribution for subcooled flow boiling in an inclined circular tube (i.d. 24mm) was
conducted in this paper. The local interfacial parameters were measured by a double-sensor optical fiber probe, and the
measurements were performed on three different directions in the inclined tube cross section. The experiment shows that the
phase distribution under the inclined condition is different from the phase distribution under the vertical condition. The profiles
skewed highly for 90° and 45° direction in the tube cross section, whereas the profile was also symmetrical at 0° direction. These
results can be explained by the fact that buoyancy caused the bubbles to move toward the top of the tube cross section under
inclined condition. In addition, the typical distributions were also influenced by the inclination angles.

1. Introduction

Subcooled flow boiling often appears in industrial fields, such
as nuclear reactors, chemical plants, and some engineering
systems. With the deepening of the research on the two-
phase flow and boiling heat transfer, it has been found that
distribution of the local interfacial parameter has an impor-
tant influence on the flow and heat transfer characteristics
of the two-phase flow, and the capability to predict the local
void distribution in subcooled flow boiling is of great impor-
tance for the safety of boiling water reactor. Meanwhile, the
establishment and development of the two-fluid model also
require the verification with the experimental data of the
local interfacial parameters. Therefore, the study on the
phase distribution characteristics of the subcooled flow
boiling is of great significance to the understanding of the
mechanism of two-phase flow and heat transfer.

The local void fraction and interfacial area concentration
(IAC) is the basic parameter determining the structure of the
two-phase flow. In order to obtain a more reliable interfacial
area transport equation, some experiments for the phase
distribution of local parameters in two-phase flow are

indispensable. Over the past few years, a large number of
the experiments regarding gas-liquid bubbly flow have been
performed [1–8]. Revankar and Ishii [9] observed that the
local IAC appears as a wall-peak profile in a vertical tube.
In studies by Hibiki and Ishii [10], Hibiki et al. [11], and Shen
et al. [12], four kinds of typical profiles of local interfacial
parameters including wall peak, core peak, intermediate
peak, and transition have been found in the studies.

A large number of the experiments regarding subcooled
flow boiling have been performed. Some tasks for different
geometrical channels have been already conducted by the
previous investigators. Sekoguchi et al. [13] have used the
single-sensor conductivity probe to measure both radial
and axial distributions of local fraction under a subcooled
boiling condition in a circular tube. Garnier et al. [14] per-
formed the measurements of local interfacial parameters in
R-12 subcooled flow boiling in a vertical channel with two-
sensor optical probe; meanwhile, it is found that void fraction
profiles in the experiment are concave profile, convex profile,
and two-peak profile. Sun [15] reported the radial distri-
butions of local void fraction and bubble frequency in
the low-mass flux subcooled flow boiling. For vertical
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annulus channel, Hasan et al. [16] and Roy and Velidandla
[17] measured local void fraction, gas velocity, and bubble
diameter in R-113 boiling flow. Recently, it has been
presented in the studies of Situ et al. [18], Lee et al. [19],
and Yun et al. [20] that local measurements of void fraction,
bubble diameter, interfacial velocity, and liquid velocity in
subcooled flow boiling were performed in annulus channel.
Besides, some double-sensor conductivity probes were used
for the measurements of the local interfacial parameters at
three or more axial locations.

The above studies are mainly focused on the local interfa-
cial characteristics of two-phase flow under the vertical
condition. Inclined condition extensively occurred in the
field of ship industry and chemical engineering. The trend
of developing applications for ocean environments has
attracted growing interests on two-phase flow under inclined
condition. Therefore, the flow pattern, void fraction, and
pressure drop of two-phase flow in inclined tubes have been
studied extensively [21–25]. However, only very few litera-
tures have focused on the local interfacial parameter distribu-
tion under inclined condition. Spindler and Hahne [26] have
investigated the void fraction and bubble frequency profiles
of adiabatic two-phase flow in an inclined tube with the
method of optical fiber probe. Recently, Xing et al. [27] have
researched the radial distribution of interfacial parameters
for air-water bubbly flow in a circular tube under inclined
condition with the double-sensor optical fiber probe. Only
one-dimensional distribution of the local interfacial parame-
ter in inclined bubbly flow has been experimentally studied
in the previous task. Among all of the existing experi-
ments measured along single direction of cross section in
an inclined tube, the asymmetrical distributions of local
parameters have been found in these experiments.

However, the measurement of multiple directions can fully
reflect the three-dimensional distribution characteristics. It
is regrettable that few studies aim at the phase distribution in
different directions under inclined condition. Recently, Bao
et al. [28] measured local interfacial parameters for subcooled
flow boiling in an inclined circular tube. It is required not
only by the profile for one chord of tube cross section but also
by some profiles for other direction in the cross section, for it
better gains the physical insight into the distribution charac-
teristics of subcooled flow boiling under inclined condition.
From this point of view, this experimental study aims to
investigate the phase distribution of subcooled flow boiling
in inclined circular tube under different directions.

2. Material and Methods

2.1. Experimental Loop.A schematic of the experimental loop
used for this study is shown in Figure 1. The experimental
system has been introduced by previous work [28]. As can
be seen in Figure 1, the preheater, condenser, test section,
optical probe, and probe traverser are mounted onto the
rolling platform and the other apparatus are on the floor.
The two parts of the test loop are connected with flexible
pipe. The deionized water is stored in a tank, and the non-
condensable gas in the water is removed by a heater. The
water is circulated by the drive of the pump. Two regulated
valves were installed separately on the bypass, and the test
branch controls the flow rate through the test section. A
direct electrical-heating preheater is used to regulate the
liquid temperature at the inlet of the heated test section.
The uniform heat flux is provided by the 80 kW DC power
supply. Two-phase mixture flowing out of the test section is
chilled by a condenser. The test section is a circular tube with
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Figure 1: Schematic diagram of test loop.
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an inner diameter of 24mm and a heated length of 1000mm.
There are two parts in this section. One is the heated section
made of stainless steel, and the other one is the visual section
made of quartz glass.

The volumetric flow rate was measured with a venturi
flowmeter and the accuracy of flow measurement was ±2%
of the full-scale flow. Two test gauges with accuracy of
±0.1% were installed to measure the pressure at the inlet
and outlet of the test section. The pressure drop across the
inlet and outlet of the heated section was measured with
the pressure differential pressure transmitters of range
0~0.2MPa with accuracy of ±0.1% of full-scale pressure
drop. Some N-type thermocouples were used to measure
fluid temperatures at the inlet and outlet of the heated test
section. A typical uncertainty associated with temperature
measurement was ±1°C. The heat flux to the heated test
section was obtained by measuring the current into the test
section and the voltage drop across the heater. The electrical
current was measured using a digital multimeter, and the
voltage was measured using a multirange voltmeter. Maxi-
mum uncertainty in power measurement was ±1% of
measured power. The heat loss to the ambient is estimated
from the sensible heat that is gained by the fluid for single-
phase heat transfer conditions.

2.2. Optical Probe System. To quantify the complicated
local interfacial characteristic in subcooled flow boiling, a
double-sensor optical fiber probe was applied to measure
the local interfacial parameters. A signal processor gener-
ated high- or low-voltage signal corresponding to the vapor
and liquid phases around the probe tip, with each pulse
representing a bubble hitting the sensor tip. The double-
sensor probe consists of two independent sensors, the two
sensor tips space 0.7mm along the main flow direction
and upstream one is called the front sensor. The location of
the optical probe was at axial position of 40D (D = 24mm)
distance from the entrance. The optical probe can move
with the drive of a probe traverse with 0.02mm resolu-
tion. For inclined condition, the probe was traversed in
r/R=−0.95~0.95 to obtain the radial profiles of local
parameters; r and R are the radial distance from the cen-
ter and the inner radius of the heated tube, respectively.

Based on the signal from the two-sensor probe, local
void fraction and bubble frequency are calculated by the
signals of the front sensor. Local void fraction is equal to
the ratio of all of the bubble-dwelling time measured by
the front sensor to the total sampling time (T), which
can be expressed by

α =
〠 t j − t j−1

T
=
〠Δt j
T

1

Local bubble frequency is equal to the ratio of the bubble
numbers (N) passing through the front fiber tip in the
measurement time to the total sampling time,

f b =
N
T

2

The interfacial velocity parallel to the flow direction can
be simply calculated from the distance between the two
sensor tips and the time difference, and it can be expressed as

νi =
Δs
Δtkl

3

Local IAC calculated by the method of Wu and Ishii [29],
who considered the effect of bubble lateral motions on the
IAC measured,

αi =
2Nb
ΔsΔT 2 + νb′

νb

2 25 〠
j
Δt j

Nb −Nmiss
4

ΔT , Nb, Nmiss, and νb′/νb denote the sampling time, the
total numbers detected by the front sensor, the number of
the missed bubbles, and the relative bubble velocity fluctua-
tion, respectively. The missed bubbles referred to those are
touched by the front sensor but not by the rear sensor, or
those pass the rear sensor ahead of the front sensor due to
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bubble lateral motions. They also reported the relative bubble
velocity fluctuation.

It can be seen from Figure 2 that the probe measurement
results show good agreement with the void faction calculated
by pressure drop method, and the maximum relative error is
less than 15%. It is also found that the maximum relative
error between the local interfacial velocities measured by
probe and that by the visualization method is less than 10%.

2.3. Experimental Methods. The measurement method
named multiangle between the direction of motion and the
measuring is used in the experiment, which can obtain the
local interfacial parameters in different directions of the
inclined tube cross section. As shown in Figure 3, the
inclination angle can be adjusted between θ = 0° (vertical)
and θ = 30°; in addition, the test tube can incline through
different directions with the help of the moveable plat-
form. As a result, according to the angle between the
two directions of inclination axis and probe measurement,
three chords (0°,45°, and 90°chord) of different directions
in the tube cross section can be measured under the
inclined condition. β = 90∘ means that the measuring
direction is perpendicular to the inclination axis direction,
and β = 0∘ means that the measuring direction is parallel
to the inclination axis direction; r = 0 corresponds to the
channel center, whereas r/R> 0 and r/R< 0 represent the
lower and upper half part of inclined cross section of
tube, respectively.

Figure 4 shows the measurement repeatability of the
two-sensor probe at r/R=0 for the three chords in the

tube cross section. It has also been found that the local void
fraction and local interfacial velocity are similar regardless
of the measurement chord when the tube inclined for any
axis. To sum up, it clearly indicates that the multiangle
measurement method is reasonable.

3. Results and Discussion

3.1. The Characteristics of Phase Distribution for Subcooled
Flow Boiling under the Inclined Condition. Figure 5 clearly
shows the characteristics of the phase distributions of sub-
cooled flow boiling under inclined condition. As presented
in the figures, local void distribution for inclined condition
is quite different from that for vertical condition, and the
phase distribution profiles are not symmetrical in inclined
tube. Moreover, the different distribution profiles occurred
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measurement at r/R= 0: (a) void fraction; (b) interfacial velocity.
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in three measured directions. That is to say, the profile of
local interfacial parameters highly skewed at 90° chord and
45° chord, while the profile is still symmetrical at 0° chord.
These results can be explained by the fact that buoyancy
caused the bubbles to move toward the upper side of inclined
tube and congregate. Owing to the lateral migration and
polymerization of bubbles onto the upper wall of the channel,
the peak value of the local void fraction appears in the
r/R=−1 position of the inclined channel; in addition, the
largest bubble Sauter diameter appears in this position as
well. Because of the increase of the bubble size, the IAC is
smaller than that under the static condition, which indicates
that the heat transfer ability between the liquid and vapour
phase at the top of the inclined channel becomes weaker.
As the bubbles emerge from the heated wall, there are
still some bubbles at the bottom of the inclined channel
(r/R=1). As we can see in the picture, the local void

fraction and bubble size at the bottom of the flow path are
less affected by the inclination. Meanwhile, due to the migra-
tion of large bubbles to the top of the tube, the IAC can be
larger than that under static condition, which indicates that
the heat transfer between the liquid and vapour phase at
the bottom of the inclined channel is becoming stronger.

3.2. The Influence of the Inclination Angle on the Phase
Distribution for Subcooled Flow Boiling. According to the
analysis above, the phase distribution on the direction of
β = 90∘ and β = 45∘ is similar, and the phase distribution
on the direction of β = 0∘ is still symmetrical. As follows,
the analysis of phase distribution characteristics on the direc-
tions of β = 90∘ and β = 0∘ has been conducted, respectively.

3.2.1. The Characteristics of the Phase Distribution on the
Direction of β = 90∘ in Cross Section. Figures 6–8 shows the
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Figure 5: Phase distribution of subcooled flow boiling under inclined condition.
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influence of the inclination angle on the deviation of local
void fraction, bubble size, and IAC on the direction of β =
90∘. As we can see, with the increasing of the inclination
angle, deviation of local void fraction, bubble size, and IAC,
the peak value of local void fraction increases on the top of
tube; meanwhile, the bubble Sauter diameter of also raises
but IAC decreases slightly. This can be explained by the
reason that the radial part of buoyancy increases with the
rising of the inclination angle. Hence, it results in more
bubble aggregation on the top of the flow channel and the
uneven phase distribution of the subcooled flow boiling
under inclined condition exacerbates.

It can be seen in Figure 6 that the peak value near the
location where r/R=−1 increases as the inclination angle
increases, while it becomes weakened near the r/R=0.8 and
the inclination angles will affect the typical distributions in
some degree. When heat flux q = 400 kW/m2, the local void
core peak profile changes into intermediate peak profile as
the inclination angle increases at the lower half part of the
inclined tube. Even in the case of 30° for an inclination
angle, the peak near the lower side will disappear, when
the heat flux is lower and the wall peak profile occurred.
It is also found that local void fraction at r/R=−1 was inde-
pendent of the inclination angle. The reason is the bubble
generation controlled by the heat surface in subcooled
flow boiling.

The local bubble Sauter diameter profile is illustrated
in Figure 7. As clearly reported in some literature, the lift
force pushes the small bubbles toward the wall in vertical
upward flow, while the direction of lift force is reversed
when the bubble diameter exceeds the threshold size. Dif-
ferent from vertical flow, the buoyancy force has a radial
component normal to the tube axis. For large size bubbles,
the direction of force is the same as the lift force in the
lower part of the tube while it reverses to the lift force
in the upper part of the tube. Therefore, large bubbles
moved to the upper part of the tube and congregate. For
small size bubbles, more of them moved to the upside
resulting from the direction of F which reversed to the lift
force in the lower part of tube.

Figure 8 shows typical profiles of the measured local
IAC; there is an approximately symmetrical profile for
inclined condition. Local IAC explicitly decreased near
the upper side at 90° direction when heat flux was high
when compared with that for vertical condition. This
explains that IAC is proportional to void fraction, but
inversely proportional to bubble size. And it causes the
decrease of IAC in this region with the aforementioned
bubbles near the upper side of the inclined tube becoming
larger.

3.2.2. The Characteristics of the Phase Distribution on the
Direction of β = 0° in Cross Section. Figure 9–11 shows the
influence of the inclination angle on the local void fraction,
bubble size, and IAC on the direction of β = 0∘ in the flow
channel. It can be clearly seen that the profile of phase
distribution still maintains symmetrical. In addition, the
influence of the inclination angle on the phase distribution
in this direction is also of vital significance.
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Figure 8: Inclination angle effect on the interfacial area
concentration on the direction of β = 90∘ in cross section
(P = 0 5MPa, G = 500 kg/m2 s).
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Figure 9: Inclination angle effect on the local void fraction on the
direction of β = 0∘ in cross section (P = 0 5MPa, G = 500 kg/m2 s).
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Figure 10: Inclination angle effect on the bubble Sauter
diameter on the direction of β = 0∘ in cross section (P = 0 5MPa,
G = 500 kg/m2 s).
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Figure 9 shows the local void fraction distribution
under different inclination angles. When the heat flux is
q = 400 kW/m2, the bubbles rise along the radial direction
under inclined condition.With the increase of the inclination
angles, the near-wall peak gradually disappeared. Meanwhile,
the local void fraction in the channel center is larger than that
under the condition of vertical. As the heat flux increases, the
local void fraction distribution on the direction of β = 0∘ is
more uneven. From Figure 10, it can be seen that the size of
the bubble in the inclined channel is mainly the core-peak
distribution. The inclination angle has little influence on
the size of the bubble near the wall. With the increase of
the inclination angle, the bubble size increases as well.
Figure 11 shows that the inclination angle has little influence
on the IAC on the direction of β = 0∘ due to the reason that
more large bubbles occur and gather onto the top of tube
when the heat flux increases.

4. Conclusions

In this paper, local interfacial characteristics in subcooled
flow boiling were investigated under vertical and inclined
conditions. For vertical upward subcooled flow boilings, the
local interfacial parameters presented three kinds of distribu-
tion types, including wall peak, core peak, and intermediate
peak. As it is expected, the phase distribution under the
inclined condition is different from the phase distribution
under the vertical condition. The profiles skewed highly for
90° and 45° chord of tube cross section, whereas the profile
was also symmetrical at 0° chord. These results can be
explained by the fact that buoyancy caused the bubbles to
move toward the top of the tube cross section under inclined
condition. In addition, the typical distributions were also
influenced by the inclination angles.

Nomenclature

ai: Local interfacial area concentration (1/m)
D: Tube diameter (mm)
Dsm: Local bubble Sauter mean diameter (mm)
fb: Local bubble frequency (Hz)
Fbl: Radial component for buoyancy force
G: Mass flux (kg/m2s)
Nb: Bubble number of sampling
Nmiss: Missed bubble number of sampling
P: Pressure (MPa)
q: Heat flux (kW/m2s)
R: Tube radius (mm)
r: Radial position for probe measurement (mm)
vi: Local interfacial velocity (m/s)
△T: Samplimg time(s)/subcooling degree(°C).

Greek Symbols

α: Local void fraction
Δs: Distance between two sensor tips (m)
Δt j: Time delay for ith interface (s)
Δtkl: Time delay between the front and rear sensor (s)
ΔT in: Inlet temperature.
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Figure 11: Inclination angle effect on the interfacial area
concentration on the direction of β = 0∘ in cross section
(P = 0 5MPa, G = 500 kg/m2 s).
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The influence of the interface on the amplitude and phase of the temperature wave and the relationship between the attenuation of
the temperature wave and the gas-liquid two-phase physical parameters are studied during the operation of the pulsating heat pipe.
The numerical simulation shows that the existence of the phase interface changes the direction of the temperature gradient during
the propagation of the temperature wave, which increases the additional “thermal resistance.” The relative size of the gas-liquid
two-phase thermal conductivity affects the propagation direction of heat flow at phase interface directly. The blockage of the gas
plug causes hysteresis in the phase of the temperature wave, the relative size of the gas-liquid two-phase temperature coefficient
will gradually increase the phase of the temperature wave, and the time when the heat flow reaches the peak value is also
advanced. The attenuation of the temperature wave is almost irrelevant to the absolute value of the density, heat capacity, and
thermal conductivity of the gas-liquid two phases, and the ratio of the thermal conductivity of the gas-liquid two phases is
related. When the temperature of the heat pipe was changed, the difference of heat storage ability between gas and liquid will
lead to the phenomenon of heat reflux and becomes more pronounced with the increases of the temperature wave.

1. Introduction

Pulsating heat pipe (PHP) is an efficient and energy-saving
heat exchanger element [1, 2]. Solar collectors are the main
equipment of solar energy equipment, and the combination
with PHP can improve the heat transfer efficiency [3]. When
using a PHP as a thermal management tool [4], the tem-
perature of the heat management object changes frequently
[5, 6], whose temperature and power vary constantly as the
working load changes. Whether the PHP can respond
quickly to such a temperature change is extremely important
for heat management. Therefore, as the core component of
solar collector, solar heat pipe plays an important role in
collecting heat and safety of the collector [7]. The flow
characteristics of the working fluid in the pulsating heat pipe
determine the operating mechanism and heat transfer
characteristics of the PHP, so the study of the flow law is
the basis of the theoretical analysis and the establishment
of the mathematical model [8]. The pulsating heat pipe
undergoes complex gas-liquid flow patterns and transitions
such as bubble flow, plunger flow, annular/semiannular flow

during the start-up phase as well as the alternating cycles
between the annular flow of the initial circulation stage and
plunger flow in the tube [9]. Jiansheng et al. [10] use the
numerical simulation method to demonstrate that different
flow patterns can reduce the heat transfer resistance and
enhance the heat transfer capacity in the PHP starting and
running. In order to evaluate the heat transfer performance
of the PHP accurately, it is necessary to examine the radial
heat transfer, evaporation heat transfer, and condensation
heat transfer of the working medium and the wall [11].
Kim et al. [12] studied the effect of the temperature pulsation
at the evaporating section and the condensate section on the
performance of heat pipe, it was found that the sensible heat
transfer in the heat transfer mode of the PHP was dominant,
and the oscillation frequency of the liquid slug decreases with
the increase of the frequency and amplitude of the wall
temperature with the periodic pulsation, and the heat trans-
fer performance of the PHP depends on the intensity of the
pulsation [13]. Zhang et al. [14] studied the effects of variable
bend, number of the liquid slug and the air slug, and the
amplitude and frequency of the oscillating flow in the PHP;
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the result showed that the influence of the liquid slug and the
air slug was small when the number of bends was less than 5,
and the amplitude and frequency of the oscillating will
increase with the increase of the filling rate. In addition, by
studying the movement of gas slug and liquid slug in U tube,
it is found that the amplitude and frequency of pulsation
of gas slug and liquid slug increase with the increase of
temperature difference between evaporation section and
condensation section [15].

However, scholars mainly focus on the overall heat
dissipation of PHP, and the research on the flow characteris-
tics of the working fluid in PHP is less. As measuring and
controlling the temperature in the experiment are difficult,
and many factors affect the flow pattern, it is difficult to
obtain a stable flow pattern in PHP. Therefore, this paper
constructs a phase interface containing a gas slug in a rectan-
gular area and simulates the related phenomena under the
condition of low power start and power change. Since any
continuous periodic fluctuation curve can be superimposed
with multiple sine or cosine functions [16, 17], a sinusoidal
temperature is added at one end of the rectangle. The influ-
ence of temperature fluctuation on the operation of PHP is
analyzed by studying the variation of heat flow and heat flux
as well as the amplitude and phase of temperature wave.

2. Computational Model and
Numerical Method

2.1. Computational Model. According to the working state of
PHP, a computational domain of gas-liquid interface is
constructed. Since the time of the movement of the air slug
is much shorter than the time of the temperature changes
in the steady state of the PHP, it is assumed that the air slug
remains stationary during the temperature propagation in
order to facilitate the study. As shown in Figure 1, the area
of the computational domain is 2mm× 1mm. The upper
boundary and lower boundary are solid boundary, and
the left boundary and the right boundary are the pressure
boundary. The coordinates of points 1, 2, and 3 are
x=0.4mm, y=−0.5mm; x=0.743mm, y=−0.5mm; and
x=1.6mm, y=0.5mm (located in front of the gas slug,
inside the gas slug, and behind the gas slug).

2.2. Numerical Methods. In this paper, the VOF model is
adopted, and the control equation is shown as follows:

(1) Continuity equation:

∂ρ
∂t

+ ∂
∂xi

ρui = 0 1

(2) Momentum conservation equation:

∂
∂t

ρui + ∂
∂xi

ρuiuj = −
∂p
∂xi

+
∂ωij

∂xj
+ ρgi + SN ,

2

wherein P is the pressure, gi is the volume force in the
i direction, and SN is the source term which is a
continuum surface force term.

The stress tensor is shown below:

ωij = u
∂ui
∂xi

+
∂uj

∂xj
−
2
3
∂ul
∂xl

δ 3

(3) The energy equation:

∂ ρΤ

∂t
+ div ρuT = div λ

c
grad T + ST 4

Taken as the microelement at the interface, which is
assumed that its physical parameters are equal, the equa-
tion of heat conduction can be expressed by the following
formula [18]:

∂T
∂t

= λ

ρc
∂2T
∂x2

+ ∂2T
∂y2

, 5

wherein T is the temperature, t is the time, λ is the thermal
conductivity, c represents the heat capacity at constant
pressure, and ST is viscous dissipation term.

In this paper, the liquid phase is the main phase, and
the volume fraction of liquid phase is obtained by the
following equation:

φL = 1 − φG, 6

wherein φL is the volume fraction of liquid phase; φG is
the volume fraction of gas phase. And φG is obtained by
the following formula:

∂
∂t

ρgφg + Δ ρgφgug = 0 7

The computational model shown in Figure 1 is divided
into unstructured meshes. After completing the grid inde-
pendence check, the total number of grids adopted was
21980. In this paper, Ansys16.0 Fluent is used to solve the
model control equation. Initially, the left boundary tempera-
ture is 300K, the right boundary using the first type of
boundary conditions is 300K constantly, and the upper and
lower boundaries are set to be adiabatic and solid boundary.
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Figure 1: Computational model (the light area is the liquid phase
area, and the dark area is the gas phase area).
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The UDF file on the left border was imported with a period of
5100 s and a sine temperature waveformwith an amplitude of
100K. The simulation parameters used in this paper are
given in Table 1, and assume that these parameters do not
change with temperature. Because the scale of the model is
very small, the internal gas-liquid two-phase flow belongs
to the typical confined laminar flow; therefore, the basic
laminar flow model is used in the simulation, and the
pressure field and velocity field are coupled in the solu-
tion. The PISO method is introduced, which includes the
near correction and the skewness correction. In this paper,
the residual convergence criterion of each parameter in the
flow field is 10−5.

3. Results Analysis

3.1. The Influence of Phase Interface on Heat Flow. The
existence of phase interface changes the direction of prop-
agation of temperature. Initially, the temperature gradient
in the Y direction is almost zero, and the isotherm is
approximately parallel to the y-axis. When the tempera-
ture propagates near the phase interface, as shown in
Figures 2(a)–2(c), there is no temperature change in the
flow field without the interface, a temperature gradient in
the Y direction is generated near the arc phase interface,
and the central normal of phase interface is symmetrical
axis and is symmetrically distributed on both sides. In the
area near the center of the curved interface, the temperature
gradient is not obvious due to the fact that the upper and
lower heat flows are almost simultaneous. In contrast to
Figures 2(b) and 2(c), it can be found that the direction of
the temperature gradient is related to the thermal conductiv-
ity of the gas-liquid two phases. When the thermal conduc-
tivity of the liquid phase is greater than that of the gas
phase, the direction of the temperature gradient is outward.
When the thermal conductivity of the liquid phase is less
than that of the gas phase, the direction of the temperature
gradient is inward.

The propagation of thermal waves is similar to that of
electromagnetic waves, when passing through propagation
medium of different density, both the reflection and the
refraction occur, the ratios of reflection and refraction are
determined by the thermal conductivity of the two phases.
Similar to the Kirchhoff law, heat flow always flows in the
direction of less thermal resistance. When the heat flow
passes through the phase interface, its orientation is related
to the relative thermal conductivity of the internal and
external materials at the interphase interface and always
tends to the material with large thermal conductivity.
Figures 3(a) and 3(b) are corresponding to physical param-
eters of Figures 2(b) and 2(c), respectively. In combination
with Figures 2 and 3, it is found that when the thermal
conductivity of the gas is less than that of the liquid phase,
the temperature gradient near the interface is outward and
the heat flow passes through the gas slug inward. When
the thermal conductivity of the gas is larger than that of
the liquid phase, the temperature gradient near the inter-
face is inward, and the heat flow passes around the gas
slug outward.

3.2. Influence of Phase Interface on Phase and Amplitude of
Temperature Wave

3.2.1. Influence of Phase Interface on Temperature Wave
Phase. The attenuation degree of temperature wave is differ-
ent in the different area of gas-liquid, and the change of the
temperature wave phase may advance or lag. When the
period of temperature wave is large, the change of the tem-
perature wave is not obvious in the informal state, whether
it changes its physical parameter or position coordinate,
and the phase of all the positions in the computational
domain is almost the same. When the period of the temper-
ature wave is small, the apparent irregular state can be seen,
and the phases in different positions of the computational
domain are obviously different.

For the sake of study, the abscissa of the case b in
Figure 4(a) is reduced by a factor of 15, the periods of case
b and case e are 100 s and 5 s, respectively. In Figure 4, A-I
represents the case A of position I. As shown in case e, by
comparing curves e-1 and e-2 ,it can be found that the phase
lag of the temperature wave in the gas phase is about 20%
along the x-axis, the time after reaching the highest tempera-
ture is delayed, and the amplitude of the temperature wave is
also reduced by 30%.

Figure 4(b) shows the change of the phase of the temper-
ature wave with or without phase interface. Case e and case l
are selected, y is −0.5mm, and the values of x were different
(as shown in the model 1, 2, and 3 points). It can be seen from
the figure that the presence of the phase interface changes the
phase of the temperature wave. Compared with several sets of
curves, it is found that the phase of the curve without phase
interface is ahead of the temperature wave curve with phase
interface before the temperature wave propagates to the
phase interface. With the increase of the x-coordinate, the
temperature wave with phase interface will gradually advance
the temperature wave without phase interface. This is mainly
because the thermal diffusion coefficient of the liquid phase is
substantially the same in the front of the gas slug, but the
obstruction of the gas slug causes the heat flow in the local
area close to the phase interface to be reduced. Therefore,
the temperature of this region peaks faster than that of the
region with the phase interface. Behind the phase interface,
the thermal diffusivity of gas is greater than the liquid, so
the change of the temperature of the gas phase is faster than
that of the liquid phase, resulting in the temperature of the
region with phase interface peaks faster than that of the
region without the phase interface. The phase advance and
hysteresis have great influence on the propagation of temper-
ature. This is because the process of starting and running of
the whole heat pipe has always been the alternate change of
gas-liquid phase. The existence of phase interface is bound
to affect the speed of temperature propagation.

3.2.2. Influence of Phase Interface on the Amplitude of
Temperature Wave. It is significant to understand the change
of the temperature of the gas-liquid two-phase working fluid
in the heat pipe by studying the attenuation of the tempera-
ture wave when the temperature of the outer wall of the heat
pipe changes. Figure 5 shows the attenuation curve of the
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amplitude of the temperature wave on the axis of the air plug
in different working conditions. It can be found that the
curvature of the curve will change obviously near the position
of the phase interface, and this position is located in the front
of the interface. Before and after the curvature changes, the
temperature wave in each condition attenuates by approxi-
mately equal attenuation coefficient. In the gas phase section,
since the heat flow is no longer propagating in the original
direction, the attenuation coefficient of the gas phase section
is significantly smaller than the temperature attenuation

coefficient of the liquid phase section, regardless of whether
the thermal conductivity of the gas phase is larger or smaller
than that of the liquid phase. At the same time, it can be seen
from Figure 5 that the attenuation coefficient of case b is the
smallest and the attenuation coefficient of the case f is the
largest. However, the attenuation curves of a, c, d, and k are
almost coincident. Combined with Table 1, it can be
concluded that the temperature attenuation coefficient has
nothing to do with the density and the heat capacity of the
material and is also not significantly related to the value of
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Figure 2: Temperature gradient diagram of Y direction with or without phase interface.
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the thermal conductivity of the material, considering that
the difference in thermal conductivity could lead to the
direction of the heat flow change at the phase interface.
There defines a new variable λΔ = λl/λg which is used to
investigate the attenuation of a temperature wave in a heat
pipe. Table 1 shows the λΔ and AΔ for some of the conditions.
As can be seen from the table, AΔ and λΔ are significantly
related. Before the attenuation coefficient changes, the corre-
lation coefficient of the two variables can be calculated by the
correlation formula:

ρλΔ⋅AΔ =
COV λΔ, AΔ
D λΔ D λΔ

, 8

wherein COV λΔ, AΔ is the covariance of λΔ and AΔ and
D λΔ and D AΔ are the mean square deviations of

λΔ and AΔ, respectively. Substituting the experimental data
can obtain that the correlations in the liquid phase area are
0.6414 and 0.673, respectively, which is strongly correlated.

After the curvature changes obviously, the correlation coeffi-
cient becomes −0.6714, but it remains strong correlation. As
the experimental data increases, the correlation coefficient
will be closer to 1. Then, it is found that AΔ and λΔ are
approximately logarithmic function by fitting the two sets
of data, and the confidence of the fitting is 97%. In the liquid
phase section, the base number of logarithm is less than 1,
and in the gas phase section, the logarithmic base is
greater than 1, the relationship between the specific function
as follows:

AΔ = 4 989 × log3/2 x + 97 97 gas ,
AΔ = 5 625 × log2/3 x + 99 68 liquid

9

Figure 6 is a curve of the attenuation coefficient of the gas
phase and the liquid region with the coefficient of thermal
conductivity. In the liquid region, the attenuation coefficient
AΔ decreases with the increase of liquid-gas ratio λΔ, and the
rate of change is gradually reduced, finally stabilized near a
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certain value, which is stable near 52K in this simulation.
However, in the gas region, the attenuation coefficient
increases with the increase of λΔ. Similar to the liquid section,
the AΔ eventually stabilized near 142K.

3.2.3. Influence of Phase Interface on Heat Flux Density. The
heat flux is an important indicator of the working state of
the heat pipe, and the effect of the phase interface on the heat
flux is directly related to the normal and efficient operation of
the PHP. Near the left wall, the heat flux is almost equal;
therefore, a point near the centerline of the left wall is used
to characterize the heat flow in the whole flow field.
Figure 7 shows the variation of the heat flux with time under
different frequency conditions. Because there mainly
research the influence of negative heat flux and in order to
make a more intuitive comparison, the abscissa of the period
100 s and 15 s is reduced by 10 times and 3 times, respec-
tively. It can be found that due to the delay of the internal
temperature change, the heat flow in the opposite direction
will occur when the wall temperature drops, which is detri-
mental to the work of the PHP. By comparing case b and case
j, it can be found that the presence of phase interface makes
this situation more serious and will also decrease the heat
flow peak in the positive direction. By comparing the temper-
ature and heat flux curves at different frequencies, the higher
the frequency is, the higher the peak values of heat flow in the
positive and negative directions are. There defines a parame-
ter Φ to measure the intensity of the opposite direction heat
flux density. And the greater the absolute value of Φ is, the

greater the intensity of the opposite direction heat flux
density is. Φ is defined as follows:

Φ = q2
q1 − q2

, 10

wherein q1 is the heat flux density of positive direction and q2
is the heat flux density of opposite direction. Under the same
conditions of other physical parameters, when the periods
are 5 s, 15 s, and 100 s, the values of Φ are −2.35, −1.571,
and −0.13539, respectively. It can be found that the fre-
quency of temperature change is high, which is unfavor-
able to heat pipe heat transfer, that is in line with Kim’s
research [5]. In the process of starting the heat pipe, the
appearance of the two phase is inevitable, so it is
necessary to suppress the intensity of the heat flux in the
opposite direction.

4. Conclusions

In this paper, the influence of the phase boundary in a pulsat-
ing heat pipe on the characteristics of temperature wave is
simulated and the following conclusions are obtained:

(1) The phase interface changes the propagation direc-
tion of the temperature gradient. The propagation
direction of heat flux is also changed due to the differ-
ent thermal conductivity of the gas-liquid two phases.
When the thermal conductivity of gas phase is greater
than that of liquid phase, the temperature gradient is
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Figure 7: The variation of heat flux with time under different frequencies.
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inward at the phase interface, and the heat flow
goes outward to bypass the slug. When the thermal
conductivity of the gas phase is smaller than the
liquid phase, the opposite is true.

(2) Because of the blocking effect of the gas slug, the
temperature wave causes phase advance or hysteresis
near the phase interface. It can be found that the
phase lag of the temperature wave in the gas phase
is about 20% along the x-axis.

(3) In the liquid region, the AΔ decreases with the
decrease of the λΔ, and the rate of change is gradually
decreased, the AΔ tends to stabilize near 52K. But in
the gas phase, it is just the opposite, and the AΔ tends
to stabilize near 142K eventually.

(4) Because of the delay of the temperature response in
the PHP, the phenomenon of thermal reflux is easy
to occur when the temperature changes suddenly.
In the process of the operation of the PHP, the phase
interface will aggravate this phenomenon. And with
the increase of the frequency of temperature change,
the greater the heat flux in the negative direction is,
the worse the heat transfer effect becomes.
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In this study, a new cold storage phase change material eutectic hydrate salt (K2HPO4·3H2O–NaH2PO4·2H2O–Na2S2O3·5H2O) was
prepared, modified, and tested. The modification was performed by adding a nucleating agent and thickener. The physical
properties such as viscosity, surface tension, cold storage characteristics, supercooling, and the stability during freeze-thaw cycles
were studied. Results show that the use of nucleating agents, such as sodium tetraborate, sodium fluoride, and nanoparticles, are
effective. The solidification temperature and latent heat of these materials which was added with 0, 3, and 5wt% thickeners were
−11.9, −10.6, and −14.8°C and 127.2, 118.6, 82.56 J/g, respectively. Adding a nucleating agent can effectively improve the
nucleation rate and nucleation stability. Furthermore, increasing viscosity has a positive impact on the solidification rate,
supercooling, and the stability during freeze-thaw cycles.

1. Introduction

The development of cities is accompanied by huge energy
consumption; people have gradually realized that the energy
storage technology has very good ability to improve this situ-
ation, which can effectively improve the energy utilization
ratio and reduce losses. Phase change material (PCM) is an
effective latent heat thermal storage material. It has been
widely used as a thermal functional material in thermal and
cold energy storage fields, like solar energy storage [1],
industrial waste heat utilization [2], building heating and
air conditioning [3], thermal management of mobile devices
[4], and so on. All of these are aimed at realizing the conver-
sion of energy beyond the restriction of time and space. Thus,
the study of PCM is of great significance for energy storage
[5]. PCM can be mainly divided into two categories of
organic and inorganic. However, organic PCMs such as
paraffin wax [6] and some organic compounds [7] are poor
in low thermal conductivity and have flammability, which
greatly limits the application of PCMs [8]. Therefore,
the study of inorganic PCM has attracted much attention
of researchers.

Salt hydrates [8] as an inorganic PCM have an advantage
in higher heat storage capacity, suitable cold storage tempera-
ture [9], nonflammable, and so on. Thus, it would be more
suitable and safer than organic PCM in energy storage appli-
cation especially cryogenic storage. The traditional ice storage
and water storage cannot reach the temperature of low-
temperature cold storage. The temperature requirement of
low cold storage is between −20 and −30°C, and the high-
temperature cold storage is between 0 and 4°C. However, the
ice storage and water storage systems can only reach 0°C,
which cannotmeet requirements of low-temperature applica-
tion. Adding inorganic salts in the water can ensure that the
amount of phase change latent heat almost unchanged and
reduce the phase change temperature of cool storage material
at the same time. Compound salts can not only further reduce
themelting point of solidification but also optimize andmod-
ify the overall physical properties of certain materials. Many
researchers have studied the compounded eutectic hydrate
salt to achieve more suitable phase change temperature and
better cold storage performance. Li et al. [10] have studied
the preparation, characterization, and modification of a new
phase change material CaCl2·6H2O–MgCl2·6H2O eutectic
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hydrate salt. As a result, its phase change temperature and
latent heat are 21.4°C and 102.3 J/g, respectively. Liu et al.
[11] studied the energy storage characteristics of a novel
binary hydrated salt by means of SEM, XRD, and DSC tech-
niques. It was concluded that the phase transition temperature
was 27.3°C, the degree of supercooling was 3.67°C, and the
enthalpy of phase transition was 220.2 J/g. Efimova et al. [12]
proposed a ternary hydrated salt mixture suitable for use in
air conditioning systems and carried out the thermal analysis.
It was concluded that the material has a melting temperature
of 18–21°C and an enthalpy of fusion of 110 kJ/kg. However,
different from organic PCM [13], inorganic PCM such as salt
hydrates has a significant supercooling [14, 15] and relatively
poor stability, which greatly limit the life of phase change
material and energy storage performance. In general,methods
that can be used to effectively enhance the stability of the
material are additions of the thickener [16], nucleating
agent [17, 18], microencapsulation [19] or nanocomposite
modification [20], and so on. Tyagi [21] et al. studied the
supercooling behavior of CaCl2·6H2O and the effect of pH
value, which indicates that the supercooling of PCM can be
removed or decreased by adjusting the pH value. Bilen et al.
[22] studied the modification of CaCl2·6H2O PCM system
and selected different nucleating agents. Pilar et al. [23] used
SrCO3 and Sr(OH)2 as nucleating agents for MgCl2·6H2O;
the results show that the addition of 1wt% SrCO3 and
0.5wt% Sr(OH)2 almost fully suppress the supercooling and
improve the performance of this PCM system. For phase sep-
aration, Wang et al. [24] studied the thermal stability of a
novel eutectic ternary system by placing the salt mixture in
an argon atmosphere with a constant heating rate. In order
to determine the accurate upper limit of the working temper-
ature of the ternary salt, Sharma et al. [25] used a differential
scanning calorimeter to carry out 1500 times melting and
freezing cycles to study the changes in thermal properties of
thermal energy storage materials. At present, the inorganic
salt hydrate phase change cold storage materials have a good
application prospect in refrigerator energy-saving field.

It can be seen above that most of the research on
hydrated salt cold storage has focused on the development
of energy storage materials for air conditioning. There is a
lack of research on the energy storage materials with phase
change temperature below 0°C. Otherwise, it is a meaningful
attempt to study the improvement of supercooling and cycle
stability of ternary eutectic system from the point of fluid
viscosity and different nucleating agents added. In this paper,
firstly, a K2HPO4·3H2O–NaH2PO4·2H2O–Na2S2O3·5H2O
ternary salt system was prepared, modified, and synthesized.
Then the contrast experimental method, step cooling
method, and DSC technology were proceeded to investigate
the thermal storage property and solidification behavior
of eutectic hydrate when adding different amounts of
nucleating agent and thickener.

2. Materials and Experimental Methods

2.1. Preparation of Hydrated Salt-Based PCMs. Preparation
of hydrated salt phase change material (HSPCM) is the major
key step to ensure the performance of PCM in cold storage

application. The proper mixing and stabilization are required
in order to achieve stable HSPCM. In the present study,
deionized water (DI water) as the base PCM; sodium dihy-
drogen phosphate dihydrate, dipotassium hydrogen phos-
phate trihydrate, and sodium thiosulfate pentahydrate as
hydrated salts; nanoactivated carbon, sodium tetraborate,
and sodium fluoride as nucleating agents; polyethylene glycol
400 as a dispersant; and sodium alginate as a thickener were
used to prepare the HSPCM. The used materials are listed in
Table 1. After a large number of experimental analysis, the
hydrated salts with the same mass ratio (6wt%) were mixed
with DI water by a magnetic stirrer (MVP22–1) for 10min
to make the mixed solution system uniform. Before using
the nanoparticle as a nucleating agent, the solution needs to
be adjusted to weak alkaline by 10wt% NaOH, followed by
being mixed with nanoparticles and dispersant through
magnetic stirring for 10min. Afterwards, this mixture
was ultrasonicated for 60min at a frequency of 40 kHz
and another 20min stirring to make the nanoparticles dis-
persed as evenly as possible. The preparation process of
nanocomposite hydrated salts is shown in Figure 1. The
nanocomposite fluid can be considered accessible when it is
observed that the formulated nanofluid undergoes no visual
sedimentation over time.

2.2. Experimental Setup. Table 2 shows the uncertainty to
measure results caused by experimental equipment.
Figure 2 shows the schematic of the experimental setup to
conduct the studies during the solidification of the HSPCM.
The cooling chamber of 0.108m3 has the cooling ability to
freeze 5 kg reagent from 25°C to −18°C in 24 hours. In the
first experiment, the temperatures were measured by the
armored thermocouple (T-Type) floating at the same
location in the containers filled with reagents. The signal of
temperature was monitored continuously for every 10 s,
and the experiment was continued until the PCM completely
solidified. When measuring the percentage of solidification,
three samples of different viscosity were put in a square con-
tainer with a small thickness. On the upper surface, the
square container was divided into a grid scale, and then the
three samples were put into the cooling bath during the first
trial. The solidified mass was calculated by observing the grid
value change of the solid area from the initial state of the
liquid PCMs. The thermal properties of eutectic mixtures
were obtained by using a differential scanning calorimeter
(DSC, NETZSCH 200F3). The surface tension was tested by
a surface tension meter (BZY-1). The step cooling analysis
method was employed to examine the values of supercooling.
In addition, the thermal stability was measured by the freeze-
thaw cycles test, which was performed in three containers
with a volume of 150ml. The hydrated salt PCM mixture
was cycled repeatedly through 20, 30, and 50 times within a
freezer. Temperature data acquisition system was used to
study the supercooling change after several freeze-thaw pro-
cesses. The weighing of drug used a high precision electronic
balance with an accuracy of ±0.002 g. All the armored
thermocouples are connected to a data logger of Agilent
34970A to store the continuous data generated during
the experiments.
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3. Results and Discussion

3.1. The Thermal Performance of Salt Hydrate PCM. In order
to assess the effect of thickener concentration on onset/end
temperature and phase change heat absorption capacity
during the phase change process, the thermal analysis was
conducted in different cases of 0, 3, and 5wt% sodium algi-
nates, while the latent heat of melting process and onset/
end temperature was measured with a differential scanning
calorimeter (DSC), using measuring temperature range from
−25 to 5°C and constant heating rates of 2K·min−1. In the
process of measurement, the temperature of the material
rises constantly, and the heat flux of the sample was mea-
sured continuously. The heat flux is proportional to the
instantaneous specific heat of the material. Melting phase
change enthalpy was calculated through the area of the

endothermic peak in the DSC picture. In addition, the spe-
cific heat, heating rate (dHm/dt), phase change enthalpy,
and specific heat satisfy certain relationships as follows:

dHm
dt

=m ⋅ Cp ⋅
dT
dt

,

Cp =
Hp
Δt ,

1

where Hm, Hp, Cp, m, T, and Δt represent the heat flux,
melting phase change enthalpy, specific heat, sample mass,
and the temperature difference, respectively, between the
beginning and end of the melting process and time interval.

Figure 3 shows the DSC heat absorption curves of three
eutectic hydrate salt nitrates with 0, 3, and 5wt% thickeners
separately. It is obviously seen that the onset and end temper-
ature of the absorption peak become higher with the increase
of the viscosity when the mass fraction is 3%. After that, with
more thickener added, there is a substantial reduction with
the durative increase of the viscosity. Through comparing
the three samples, it was easily seen that several microparti-
cles from the industrial sodium alginate scattered in the solu-
tion that may have the function of improving the
solidification point in the case of low viscosity. However,
when the fluid viscosity is increasing, the solidification point
decreased adversely; the impact of microparticles gradually
disappeared. Furthermore, the height of the absorption peak
and the phase change enthalpy reached the maximum with-
out the thickener and gradually decreased after adding the
thickener. This is because the fluid viscosity affects the

Table 1: Experimental materials.

Experimental materials Purity Application

Sodium dihydrogen phosphate dihydrate (NaH2PO4·2H2O,) AR Hydrated salt

Sodium alginate CP Thickener

Sodium thiosulfate pentahydrate (Na2S2O3·5H2O) AR Hydrated salt

Dipotassium hydrogen phosphate trihydrate phosphate (K2HPO4·3H2O) AR Hydrated salt

Nanoactivated carbon (100 nm, heat treatment) AR Nucleating agent

Sodium tetraborate AR Nucleating agent

Polyethylene glycol 400 AR Dispersant

Sodium fluoride AR Nucleating agent

Base �uid
(deionized water)

Nanocomposite hydrated
salts

Dispersant agent

Carbon
nanoparticle

NaOH solution

Supersonic wave

StirStirStir

Figure 1: Nanocomposite PCM preparation flow chart.

Table 2: Result uncertainty analysis of experimental equipment.

Measured quantities Deviation

Latent heat ±6 kJ/kg
Mass ±0.002 g
Temperature data logger ±0.06%
Volume (10ml, 20ml) ±0.06ml

Volume (100ml) ±0.02ml

Thermocouple ±1.0%
Surface tension ±0.01mN/m

Viscosity ±2% mps
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convective heat transfer performance within the fluid. When
the viscosity of the fluid increases, the effect of the microcon-
vection of the fluid and the particles which can enhance heat
conduction is gradually suppressed.

From Table 3, it is clearly observed that the onset tem-
perature of the three samples is −11.9, −10.6, and −14.8°C
while the end temperature is −4.6, −2.3, and −7.5°C sepa-
rately. The peak temperature of the three sample is −5.0,
−2.4, and −8.3°C in turn. By calculating the DSC phase
change area which is divided by the phase change DSC curve
and the onset/end baseline, it is concluded that the phase
change enthalpies of the three samples are 127.2, 118.6, and
82.56 J/g, respectively. Compared with similar studies [9],
this material has an edge in storage ability.

Table 4 shows the melting latent heat change of the three
samples with different additions of the thickener. It is not
difficult to find that the melting latent heat of cold storage
materials was reduced by 62%, 64.6%, and 75.3% as com-
pared with ice. The increase of viscosity will reduce the
heat absorption amount, thereby affecting the cold storage
ability. Therefore, the thickener needs to be controlled in a
suitable amount.

3.2. The Nucleation and Supercooling Characteristics of
Hydrated Salt PCM. Supercooling is a process closely related
to the crystallization process. Before the temperature returns
to the original freezing point, the liquid solidifies below its
normal freezing point and continues to decrease until
complete solidification. When the degree of supercooling
increased, the degree of the deviation from the equilibrium

1 2 43
Data acquisition system

Refrigeration equipment Phase change thermal
measurement

Sample 1 Sample 2 Sample 3

Figure 2: Schematic diagram of the experimental system.
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Figure 3: DSC curves of eutectic hydrate salt with three different
amount of thickening agent.

Table 3: DSC measurements.

Data items
Thickener (wt%)

0 3 5

Area (J/g) 82.56 118.6 127.2

Peak sample temperature (°C) −8.3 −2.4 −5.0
Onset temperature (°C) −14.8 −10.6 −11.9
End temperature (°C) −7.5 −2.3 −4.6

Table 4: Melting latent heat of water and three samples.

Material
Melting latent heat

(kJ/kg)

Ice 335

Hydrated salt with 0wt% thickener added 127.2

Hydrated salt with 3wt% thickener added 118.6

Hydrated salt with 5wt% thickener added 82.56
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state has risen, and the critical dimension of the ice core
and the formation energy also decrease dramatically,
which ultimately increases the probability of forming the
nucleus. Calculating the absolute degree of supercooling
following relation was used to measure the thermal storage
performance of materials:

T sc = Tm − Ts, 2
where Tsc, Tm, and Ts represent the supercooling degree,
melting point, and solidification temperatures, respectively.

The supercooling degree was measured by temperature
change curves during the cooling process by putting a
thermocouple at the three sample’s center separately. During
the solidification and crystallization process, the general
liquid crystal is divided into the stable region (noncrystalline),
substable region, and unstable region as shown below in
Figure 4. Crystallization phenomenon only occurred in the
unstable area. The viscosity and temperature change of the
inorganic hydrated salt are both important factors which
affect the nucleation.

Figure 5 shows four hydrated salts of different viscosities
without adding the nucleating agent. The three-step cooling
curve of ternary hydrate salt solution with different viscosi-
ties can be obtained to observe the supercooling. Comparing
the four curves, the recovery process after the reduction of
the temperature curve gradually decreases during the solidi-
fication process with the increase of the viscosity, which can
consider that the supercooling is gradually reduced. This is
because the increase in liquid viscosity will affect the diffu-
sion of the fluid, reducing the driving force of crystallization,
and thus, the supercooling is suppressed. Therefore, increas-
ing the fluid viscosity will not only reduce the latent heat of
phase transformation but also improve the stability of the
phase transition and reduce the degree of supercooling.
When the inorganic PCM is applied to the practical applica-
tion, the viscosity should be appropriately increased to find a
middle value of the best performance.

3.3. The Physical Characteristics of Hydrated Salt PCM. In
this experiment, the characteristics of the fluid itself were sig-
nificantly changed with a constant increase in viscosity. From
Table 5, we can find that ternary hydrate salt itself is more
viscous than water whose viscosity is 2.04, 6.3, and
8.77mpa·s, respectively. The viscosity of three solutions with
1.5, 2.5, and 3wt% nucleating agent added was changed by
adding a thickener. Results show that the salt solution with
higher viscosity has a relatively lower degree of supercooling.

Figure 6 shows that the degree of supercooling is almost
eliminated with the thickener and nucleating agent added
simultaneously. It was seen that both the nucleating agent
and the thickener have a dampening effect on supercooling.
However, the amount of thickener should not be too much;
otherwise, the heat capacity will drop dramatically; this is
not economical. Therefore, rationally, selecting the amount
of nucleating agent and thickener is improving the cold
storage performance of inorganic solution better.

Figure 7 shows the mass fraction solidified at various time
intervals during the solidification process with 0, 3, and
5wt% thickeners added, respectively. Solidification time is

also an important parameter which was used to measure
the response time of a cold storage system. Under the same
phase change enthalpy and time, storage medium which
reached a higher percentage of solidification earlier has the
quality to start next phase change circulation quickly, so as
to improve the energy storage efficiency. It has been noted
from Figure 7 that the solidification started about 40 minutes
later from the start of the experiment and the hydrated salts
with 5wt% thickener appear crystal firstly, followed by the
sample with 3wt% thickener added. The above two samples
began to appear crystal almost at the same time, only the
sample without thickener crystallized slower which started
at about 50–55 minutes. The crystallization rate of the three
samples was also different in the solidification process. From
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Figure 4: Supersaturation and super solubility curves of the
solution.
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Figure 5: Step cooling curves of adding 1, 3, and 5wt% thickeners in
the solution without the nucleating agent.

Table 5: Viscosity of water and hydrated salts.

Material Viscosity (mpa·s)
Ice 1

Hydrated salt with 0wt% thickener added 2.04

Hydrated salt with 3wt% thickener added 6.3

Hydrated salt with 5wt% thickener added 8.77
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45 to 50 minutes, the sample with 3wt% and 5wt% thick-
eners added had the similar crystallization rate. However,
the crystallization rate of the sample without adding a thick-
ener was obviously slowed down while the rate of the other
two samples kept stable all the time. Finally, the time of the
complete solidification of these three samples was about
120, 100, and 75 minutes, respectively. It can be concluded
that the increase of the viscosity of the cold storage fluid
can effectively shorten the time of the complete solidification
of the material. This is because the solidified PCM offers
increasing thermal resistance between the solidified PCM
and the surrounding heat transfer fluid as the freezing front
moves away from the surface. From the previous conclusion,
it is drawn that viscosity has the same effect on the storage
capacity of phase change materials, so the viscosity selection
should ensure both the storage capacity and the solidification
rate at a right value.

The viscosity of the hydrated salt affects not only the
internal thermophysical properties of the fluid but also the
properties of the fluid surface. Figure 8 shows the variation
of surface tension change of hydrated salts and single water.
It was found that the surface tension of hydrated salt is lower
than that of the water, and the surface tension decreases as
the viscosity increases gradually. This is due to the fluid with
larger viscosity which has higher surface shrinkage resis-
tance. In addition, the effect of temperature on the surface
tension is very obvious; the surface tension decreases with
the increase of temperature. This is because the increase of
liquid temperature leads to the increase of molecular internal
energy and the decrease of interaction force between mol-
ecules. Owing to the surface tension which originates
from the attraction between molecules on the surface of the
liquid, the decrease of attractive force leads to the decrease
of surface tension.

3.4. The Influence of Different Nucleating Agents to Hydrated
Salt PCM. In the above test, it was found that the supercool-
ing phenomenon is a serious defect of the inorganic phase
change material. Through many studies of the nucleation
mechanism, it is proved that the supercooling also improved
effectively by adding a nucleating agent. According to the
crystal nucleation theory, for homogeneous nucleation pro-
cess, the formation of the crystal needs to be larger than the
critical size of the particles, but for heterogeneous nucleation,
the surface affinity should also be considered [26]. Neverthe-
less, the effective crystallization depends on the value of the
surface free energy. The aim of adding nucleation agent in
the solution is to increase the surface affinity or to reduce
the critical dimension so that the surface free energy is
reduced. From Figure 9(c), it was discovered that the degree
of supercooling ranges from about 3°C to 1.5°C as the mass
fraction of Na2B4O7·10H2O increases from 1.5wt% to
3wt%. Therefore, sodium tetraborate is an ideal agent for
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Figure 6: Step cooling curves of adding 0, 3.12, and 7.46wt%
thickeners and 2.5 wt% nucleating agent in the solution.
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the inhibition of the supercooling. In order to further
study the influence of nucleating agent on inorganic phase
change materials, two other nucleating agents were chosen
and three different proportioning were selected to add to
the HSPCMs. In Figure 9(a), 0.5, 1, and 2wt% nanoactivated
carbon particles with a particle size of 100 nmwere separately
added into the ternary eutectic hydrate salts. It was seen that
the addition of 0.5wt% particles cannot inhibit the super-
cooling obviously. With the increase of the content of nano-
particles, the degree of supercooling is almost zero. Through
the analysis of Figure 9(b), the amount of nucleating agent
NaF added is 1.5, 2.5, and 3wt%; when the 3wt% NaF is
added, the degree of supercooling is almost half of that of
1.5wt% and the total supercooling degree is reduced to about
3°C, so the effect is remarkable. Then, increasing the content
of the same kind of nucleating agent, the effect almost
remains unchanged, compared to the result curve of the three
nucleating agents. It is found that an excessive dose of the
nucleating agent does little influence to the inhibition of
supercooling and these three different nucleating agents all
reduced the supercooling significantly. Adding inorganic
salt, hydrated salt and nanoparticles all contribute to the
nonhomogeneous nucleation.

3.5. Thermal Cycling Test of Hydrated Salt PCM.When using
a cold storage material, life span is an important factor to
measure the stability. In this experiment, adding a thickener
in inorganic hydrated salt is an effective method to enhance
the working life of materials and prevent phase separation
phenomenon. The salt solution which was added 3wt% and
5wt% thickeners still maintained good stability, and there
was no obvious phase separation phenomenon. However, a
thin layer of crystal at the bottom after about 10 times of
freeze-thaw cycles in the salt solution without a thickener
appeared. As the freeze-thaw cycles continue, crystal thick-
ness was increased, which severely affected the cold storage
characteristics of the salt solution. After stirring or heating,
the sample changed back to its initial state and no rapid deg-
radation or irreversibility was observed. Therefore, to avoid
the shortcoming of the phase separation mentioned above,
the mixture can be stabilized by adding a thickener.

Figure 10 shows that the HSPCMs showed better stability
as the number of freeze-thaw cycles increased. The cooling
curve changed from an undulating curve into a smooth
decline gradually after 50 or more cycles. The performance
of the phase change material was more stable, and the
supercooling phenomenon will also be reduced gradually.
PCM is easier to crystallize than never to solidify due to
the residual crystal which is not completely melted during
the last process which will reduce the required energy of the
next crystallization process during freeze-thaw cycles.

4. Conclusions

This experimental study was conducted on the preparation,
modification, and characterization of a new ternary eutectic
of inorganic salt hydrate phase change materials with 0, 3,
and 5wt% thickeners added into salt hydrate solution,
and the effect of viscosity and nucleating agents on the

thermophysical properties and cold storage ability of PCM
was measured by DSC and temperature acquisition system.
The results of this study can be summarized as follows:

(1) The increase of the viscosity will reduce the phase
change enthalpy, which reduces the storage capacity.
Meanwhile, the phase stability, supercooling, and
phase separation will be significantly improved.

(2) NaF, Na2B4O7·10H2O, and nanoactivated carbon
were all proved to be effective nucleating agents.
With the increasing content of a nucleating agent,
the degree of cooling can be obviously reduced or
even eliminated.

(3) During the stability test of the inorganic material, the
supercooling of inorganic materials will become
smaller after 20, 30, and 50 freeze-thaw cycles.

Nomenclature

Tsc: The degree of supercooling
Hm: Heat flux
Hp: Melting phase change enthalpy
Tm: The melting point temperature
Ts: The freezing point temperature
AR: Analytically pure reagent
CP: Chemically pure reagent
DI: Deionized water
PCM: Phase change materials
HSPCM: Hydrated salt-based PCMs
STA: Simultaneous thermal analyzer
XRD: X-ray diffraction
DSC: Differential scanning calorimeter.
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The temperature has to be controlled adequately to maintain the electric vehicles (EVs) within a safety range. Using paraffin as
the heat dissipation source to control the temperature rise is developed. And the expanded graphite (EG) is applied to improve
the thermal conductivity. In this study, the paraffin and EG composite phase change material (PCM) was prepared and
characterized. And then, the composite PCM have been applied in the 42110 LiFePO4 battery module (48V/10Ah) for
experimental research. Different discharge rate and pulse experiments were carried out at various working conditions,
including room temperature (25°C), high temperature (35°C), and low temperature (−20°C). Furthermore, in order to obtain
the practical loading test data, a battery pack with the similar specifications by 2S∗2P with PCM-based modules were
installed in the EVs for various practical road experiments including the flat ground, 5°, 10°, and 20° slope. Testing results
indicated that the PCM cooling system can control the peak temperature under 42°C and balance the maximum temperature
difference within 5°C. Even in extreme high-discharge pulse current process, peak temperature can be controlled within 50°C.
The aforementioned results exhibit that PCM cooling in battery thermal management has promising advantages over traditional
air cooling.

1. Introduction

EVs have received universal eyes owing to their unique
advantages over traditional vehicles in energy efficiency and
emission reduction [1–3]. The temperature and its distribu-
tion have essential effects on the battery properties [4–6].
Such overheating and inhomogeneous temperature distribu-
tion frequently result in the module’s premature failure ear-
lier and life span degradation during practical operation
process [7–9]. Especially in harsh working conditions, cata-
strophic destruction, such as fire and explosion, even thermal
runway will occur [10–12]. It is well known that the max
temperature of cells must be strictly controlled within 55°C.
Also, the ΔT must be maintained below 5°C by means of
effective thermal management systems [13, 14] .Therefore,
selecting an appropriate heat dissipation system is of critical
importance for power battery modules [15, 16]. At present,

traditional air cooling [17–19] cannot transfer the heat gen-
erated from batteries quickly with the increasing module
capacity and specifications. Although the liquid cooling
[20, 21] method has a better heat dissipation effect, some
disadvantages include complicated system, difficult mainte-
nance, and high cost. In recent years, a novel thermal man-
agement with the PCM cooling system was proposed as an
ideal substitute to the abovementioned traditional patterns
[22–24].

PCM cooling technology is able to maintain the operat-
ing temperature of cells at a relatively constant temperature
range, absorbing/releasing abundant heat during change of
phase. The solution can make the temperature within the
optimal range, managing uniform temperature distribution,
especially in the extreme environment. Zhao et al. [25] sum-
marized different kinds of thermal management methods
and obtained the conclusion that PCM heat dissipation
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technology is very promising for battery management sys-
tems. Karimi et al. [26] had an experimental study of a cylin-
drical lithium-ion battery thermal management using PCM
composites and found that the metal matrix-PCM composite
decreases the max ΔT between battery surface and PCM
composite by up to 70%. The thermal management with
LiFePO4 battery pack at high temperature using a composite
of PCMs and aluminum wire mesh plates was investigated by
Azizi and Sadrameli [27], which displayed that the maximum
surface temperature of battery was reduced by 19%, 21%, and
26% at 1C, 2C, and 3C discharge rate, respectively. Wilke
et al. [27] had an experiment about preventing thermal run-
away propagation in lithium-ion battery packs using a phase
change composite material and got that the use of PCC
(phase change composite) lowers the max temperature expe-
rienced by neighboring cells by 60°C or more. As a widely
used organic phase change material, paraffin has many
advantages, including high-phase change latent heat, wide
melting point range, stable thermal performance, easy mold-
ing in solid state, generally not disappear phase separation
phenomenon, and low corrosion and cost. Nevertheless, the
thermal performance of low conductivity restricts the use of
PCM-based cooling systems in subsequent application. In
this paper, as a porous high thermal conductive material,
expanded graphite is used to improve the thermal conductiv-
ity of materials. At present, most research about various
battery thermal management systems are limited to the labo-
ratory experiments under different working conditions, few
practical loading tests are conducted according to the real
driving road operation.

In this paper, a completely novel PCM-based cooling
system, for 42110 cylindrical LiFePO4 battery pack (96V/
20Ah), has been introduced and developed herein. The bat-
tery pack made-up of four battery modules (48V/10Ah) by
2 series 2 parallel with the same technical parameters was
carried out for practical pure electric vehicle (EV) loading
experiments. The EV, with 96V/150Ah lead-acid power
batteries, was assembled into lithium-ion battery pack
(96V/20Ah). Various road conditions were conducted for
evaluating the heat dissipation and temperature uniform
distribution, including flat ground, 5-degree, 10-degree, and
20-degree slope. The composite PCM was prepared and its
thermophysical performance was tested, including the ther-
mal conductivity coefficient, latent heat, and thermalgravi-
metric (TG). Relevant experimental results indicated that
cooling effect of PCM heat dissipation technology had more
advantages over traditional air natural cooled, which showed
PCM cooling system had a bright future for thermal manage-
ment in the power battery module.

2. Experimental Setup

2.1. Composite Material Preparation and Characterization.
Composite PCM was obtained by a physically mixing
method. Firstly, industrial-grade paraffin (melting point
from 35 to 40°C) was used. Expandable graphite with an aver-
age particle size (150μm) and expansion ratio (220mL g−1)
was obtained from Qingdao Bai Xing Graphite Co., Ltd. Sec-
ondly, EG was obtained by heating the expandable graphite

at 800°C for 60 s in a muffle furnace. PA was heated to
80°C. EG was added to the completely melting PA at a mass
ratio of 4 : 1 with continuous mechanical stirring. Finally,
through the hot-compaction process in a mold, a composite
PCM module was fabricated with an overall dimension of
228.25mm (length)× 142.34mm (width)× 110mm (height).
The 42110 cylindrical cells were inserted into the 15 holes
uniformly distributed on the PCMmodule, each with a diam-
eter of 42.5mm and height of 110mm. The construction and
fabrication of the PCM module were provided in Figure 1.
Detailed preparation process of the composite material was
described in our group previous research [28].

The microstructure of the composite PCMs was tested by
a scanning electron microscope (SEM, Hitachi S-3400 N,
Japan). The thermal conductivity was observed by an
LFA447 NanoFlash™ system (range 0.1–2000W · m−1 · k−1,
accuracy ±5%, repeatability ±3%). The latent heat was mea-
sured using a Differential Scanning Calorimeter (HS-DSC-
101B, HESON Instrument Inc., Shanghai).

2.2. Battery Module Construction. Figure 2 described the bat-
tery module assemble process. There were 15 holes with a
diameter of 42.3mm on the composite PCM module, in
which 15 commercial 42110 Li-ion batteries (3.2V/10Ah)
with symmetric distribution of T-type thermocouples were
placed (layout of thermocouples were showed in Figure 3).
All the cellswere electrically connected in 15S1P configuration
electric connection (15 cells in series and 1 string in parallel)
by nickel pieces. Finally, the module technical parameters
were shown in Table 1.

Technical specifications of the power battery module are
provided in Table 1.

2.3. Design of the Experiment System. The experiment facili-
ties are summarized in Figure 3. The constant-current
sources (YK-AD12015, 120V/15A, 1800W) were used for
module charging. DC electric load (M9718, 240V/150A,
6000W) was provided for constant-current discharging and
acquiring current and voltage data during the discharge
process. The temperature inspection instrument was used
for collecting temperature data real-time.

2.4. Module Laboratory Testing. The PCM battery module
was tested at a constant room temperature of 29°C. T-type
thermocouples (OMEGA type SMPW-T-M) were placed
inside themodule tomeasure the battery surface temperature.
During the experiment, the battery module was subjected to
the following charge protocol: galvanostatic mode at 0.5C rate
with a voltage cutoff limit of 59.0V and then a potentiostatic
mode until the current drops to 0A. After the charging
process, adequate equilibration time was left for cooling the
module to ambient temperature. Subsequently, the battery
module was discharged at specified rates including 2.0C and
4.5C, respectively. Meanwhile, pulse experiment with high
discharge current was conducted.

2.5. Pack Loading Testing. A battery pack (96V/20Ah)
included one as-assembled PCM module and three air
cooling modules in 2 series∗ 2 parallel with the same specifi-
cations. Four modules were placed in symmetrical
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42110 cylindrical cell
Fabricated PCM module Cells inserted into the module holes

Insulation plate Nickel piece for electric connection 
Battery module placed into the shell

Figure 2: The battery module assembly process.

Temperature inspection
instrument

Computer

Number 2 module

DC electronic load

T3
T4 T5 T6

T2 T1

Figure 3: The sketch measurement experiment systems of battery
module with PCM cooling.

Table 1: Battery module specifications.

Name Parameters

Cell type IFR42110LiFePO4

Module nominal voltage (V) 48

Module nominal capacity (Ah) 10

Max discharge current (A) 50

Max charge current (A) 10

Operating temperature range (°C) −20~60
Charging temperature range (°C) 0~45

(a)

14
2.

34

�휙42.30

(b)

11
0

142.34

(c)

228.25

11
0

(d)

Figure 1: The battery module sizes with PCM. (a) The whole structure: (b) top view, (c) left view, and (d) front view.
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distribution; therefore, one-quarter of both the PCM and air-
cooled module were selected for collecting the temperature
real-time. The pack was connected with the electric vehicle
controller through 175A 600V industrial plugs. Uninterrup-
tible power supply (UPS) was used for providing the electric
power to the temperature inspection instrument and the
computer. The UPS with two lead-acid (12V/38Ah) battery
modules in series was backup style which means that the host
and its power are connected separately by communication
signal wires. The loading test experiment setup scheme was
shown in Figure 4. (Number 1, number 3, and number 4 bat-
tery modules designed with air-cooled scheme, number 2
module designed with PCM-based cooling, all with the same
technical parameters. T4 stood for the cell temperature
located in the module middle, and T1 represented the cell
temperature located in the module edge.)

3. Results and Discussion

3.1. Characterization of Composite PCMs. DSC results of
pure paraffin (PA) and paraffin/EG composite were shown
in Figure 5. After adding EG, the latent heat of paraffin/EG
composite decreased from 200.64 J/g to 147.61 J/g. In addi-
tion, the melting points of PA and PA/EG composite were
41.5 and 40.4°C, respectively, which is consistent with the
melting point variations tendency of PA/EG composite
proposed by Radhakrishnan and Gubbins [29, 30].

Thermal conductivity coefficient of composite ranging
from 35°C to 50°C with 5°C internal was shown in Figure 6.
Testing data indicated that the thermal conductivity came
to the highest at 40°C (nearly close to the melting point
41.5°C), which was 3.084W ·m−1 · k−1, almost 12 times larger
than that of pure paraffin (0.26W · m−1 · k−1). Above results
could be owed to the EG high thermal conductivity. Figure 7
compared the mass changing trend with the temperature of
pure PA and PA/EG composite named TG curves. Linear
slope of PA was greatly higher than that of PA/EG composite.

The PA volatilization temperature was 100°C (PA nearly
100% volatilized), and the composite was 250°C (PA nearly
100% volatilized). The addition of EG can effectively delayed
the paraffin volatilizing temperature and make the TG curve
more smooth. Therefore, expanded graphite not only obvi-
ously improves the thermal stability but also decrease the
volatilizing rate effectively.

3.2. Comparison of Heat Dissipation Performance

3.2.1. Constant-Current Discharge Test Results of PCM
Cooling Module. The battery module was discharged at
2.0C and 4.5C, respectively, under room temperature condi-
tion (29°C). Comparisons of the experimental data were
shown in Figure 8. Meanwhile, the module was tested at

Electric vehicle controller

Computer

Integrated battery pack

Number 1 module Number 2 module

Number 3 module Number 4 module

Temperature inspection
instrument

UPS

T3
T4

T2
T5 T6

T1

T3
T4

T2
T5 T6

T1

Figure 4: An illustration of the loading test setup.
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Figure 5: The comparison of latent heat between pure PA and
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different discharge rates under low temperature (−20°C) and
relatively high temperature (35°C) condition, respectively.

Figure 8 indicated number 4 cell temperature at 2.0C and
4.5C discharge rate came to 35.8 and 40.58°C, respectively,
which indicated the core temperature came to the highest.
Additionally, the above maximum temperature value is
nearly closed to the PCM melting point and the max ΔT
for 2.0C and 4.5C is 0.41°C and 3.05°C, respectively (which
is significantly less than 5°C), which showed more excellent
temperature uniform distribution. At 3C discharge rate, the
room temperature, high temperature, and low temperature
reached 37.61°C, 38.23°C, and 32.38°C, respectively, which
revealed that high temperature was higher at 1.64% and
18.06% compared to that of the room and low-temperature
condition. The test data indicated that PCM cooling system
can control the max temperature well below 42°C and accom-
pany with excellent distribution, which means that the peak

ΔT can be managed within 5°C. Therefore, the PCM cooling
effect can satisfy the heat dissipation requirement, while
maintaining the max temperature and keeping the tempera-
ture difference within the safety range.

3.2.2. Pulse Test with High Discharge Current. Pulse
experiments were conducted in order to test the PCM
cooling battery module, accompanied with the temperature
instantaneous change and discharge performance. Detailed
test stage was as follows: (a) charge state: galvanostatic mode
at 0.5C rate with a voltage cutoff limit of 59.0V and then a
potentiostatic mode until the current descended to 0A. (b)
Hold stage: 1.5 h. (c) Pulse discharge stage: The module was
discharged under a constant current of 10.0C for 10 s, then
hold for 10s, next discharge at 4.5C for 5 s, then the rest for
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Figure 7: TG curves of pure PA and PA/EG composite PCM.
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10 s. All the test period was 475 s. (d) Hold stage: 1.0 h. Test
data was present in Figure 9.

Figure 9 Indicates the max temperature (number 4 cell)
of the module core location reaches 45.65°C which is man-
aged within 50°C in extreme instantaneous high discharge
rate condition owing to PCM cooling technology participa-
tion. The minimum data (number 1 cell) of the module edge
location reached to 39.44°C. Even discharged under the
10.0C high current pulse condition, the max temperature
can still be controlled within the 50°C, which showed supe-
rior temperature instantaneous change ability.

3.3. Loading Test Results and Discussion

3.3.1. Driving Test Results on the Ground. One-quarter of the
module was regarded as the research object according to the
symmetry principle. Experiments were processed on the
fixed road A, and the results were taken from the average of
three-times experiments. Air-cooled module temperature
data was obtained in Figure 10(a). The comparison of the
max temperature curves between air-cooled and PCM cool-
ing modules was displayed in Figure 10(b).

In Figure 10(b), the red curve indicated the max temper-
ature with pure air cooling module comes to 56.8°C, which
presented a rapidly increasing tendency. In contrast, the

black curve revealed the max temperature with the PCM
cooling module can reach to 36°C and decreases by 57.7%,
which displayed a slowly increasing tendency. Therefore,
the battery module with the PCM cooling system can
improve the thermal management effectively.

3.3.2. Data Analysis on Different Road Conditions. Compari-
sons of test results on different road conditions are shown in
Table 2.

Table 2 shows that peak temperature and its difference of
the air cooling module is always higher than that of the PCM
coolingmodule. Themax temperature of the air-coolingmod-
ule on the ground reaches 56.8°C which has exceeded 55°C
with 7.5°CpeakΔT andwill have a heavy influence on the bat-
tery electric chemistry performance. Therefore, the cooling
effect of the PCM system is far superior that of air cooling.

4. Conclusions

The paraffin and EG composite PCM were applied to battery
modules for thermal management in this study. Thermal
performance, including latent heat, thermal conductivity,
and TG curves of PA/EG composite were carried out,
respectively. The 42110 LiFePO4 battery module (48V/
10Ah) is investigated at different discharge rates under
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Figure 10: Pack testing results on the flat ground. (a) Temperature curve of the air-cooled module. (b) The Tmax comparison of test data
between the air cooling module and PCM cooling module. (Tmax meant number 4 cell).

Table 2: Comparison of experimental results.

Road condition
Tmax (

°C)
(PCM)

Tmin (
°C)

(PCM)
ΔTmax (

°C)
(PCM)

Tmax (
°C)

(air-cooled)
Tmin (

°C)
(air-cooled)

ΔTmax (
°C)

(air-cooled)

Ground 35.1 31.8 3.3 56.8 49.3 7.5

5°slope 36.87 33.75 3.12 39.6 33.5 6.2

10°slope 36.38 35.1 1.28 42.25 36.2 6.05

20°slope 36.5 34.5 2.0 44.8 38 6.8
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various conditions. Simultaneously, practical loading work
under different road conditions was processed. The conclu-
sions were summarized based on the experimental results
as follows:

(1) The composite thermal conductivity reached
3.084W · m−1 · k−1 at 40°C, as the max value, which
was nearly 12 times higher than that of PA. Also,
the composite volatilization temperature was delayed
to 250°C with more smooth TG curve owing to EG
participation and the thermal stability was greatly
improved. The latent heat of the PA/EG composite
came to 147.61 J/g, which was 35.9% lower than that
of PA. Also, the melting point of PA/EG composite
showed a decreasing tendency.

(2) Peak temperature gradually increased with the rise of
discharge rates under each condition. On one hand,
the results showed that the max temperature and its
peak difference of the module could be controlled
within 42°C and 5°C under constant-current dis-
charge condition, respectively. On the other hand,
even in extreme 10.0C pulse discharge rate, peak
temperature is always controlled within 50°C which
can meet the heat dissipation demand. The heat dis-
sipation was greatly improved by the PCM cooling
system which exhibited excellent temperature con-
trolling and temperature balance ability.

(3) Loading test data showed the max temperature and
its peak difference of PCM cooling were always lower
than that of the air-cooling module, which revealed
that the PCM cooling can exhibit excellent thermal
management for battery modules.
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Based on the front-tracking method (FTM), the movement of a single bubble that rose freely in a transverse ridged tube was
simulated to analyze the influence of a contractive channel on the movement of bubbles. The influence of a symmetric
contractive channel on the shape, speed, and trajectory of the bubbles was analyzed by contrasting the movement with bubbles
in a noncontractive channel. As the research indicates, the bubbles became more flat when they move close to the contractive
section of the channel, and the bubbles become less flat when passing through the contractive section. This effect becomes more
obvious with an increase in the contractive degree of the channel. The symmetric contractive channel can make the bubbles first
decelerate and later accelerate, and this effect is deeply affected by Reynolds number (Re) and Eötvös number (Eo).

1. Introduction

The corrugated tube has been the focus of scholars because
the internal structure of the pipe can disturb the movement
of the fluid and increase the surface area of the pipe; thereby,
it can increase the heat transfer of the pipe. So it is widely
used in various fields such as the solar hot water system
because there are a number of solar collector tube and heat
transfer tubes in this system. In order to improve the heat
absorption and heat transfer efficiency, different types of cor-
rugated tubes have been studied. Vicente et al. [1] studied
heat transfer of the threaded pipe under different sizes by
experimentation, he shows the guidelines to choose which
roughness geometry offers the best performance for specific
flow conditions. García et al. [2] analyzed the thermal-
hydraulic behavior of three types of enhancement technique
based on artificial roughness, and the results show that shape
of the artificial roughness exerts a greater influence on the
pressure drop characteristics than on the heat transfer
augmentation. Saha [3] has studied the pressure drop
characteristics of pipe with internal transverse rib turbula-
tors on two opposite surfaces and with wire-coil inserts.

Pethkool et al. [4] experimentally studied the heat transfer
performance of helically corrugated tube and got the
empirical formula. Kareem et al. [5] studied the three-start
spirally corrugated tube by experiment and simulation, he
said that this geometry with a creative spiral corrugation
profile can improve the heat transfer significantly with rea-
sonable increase in friction factor. It is obvious that scholars
have made a lot of research on corrugated tubes in different
structural forms and got some good results. However, most
of these studies have been studied for the effects of different
pipe shapes on heat transfer and pressure drop with a single
fluid, while the study of multiphase flow in the tube has been
rarely reported.

In practical cases, such as solar collectors and heat
exchangers, the temperature of water in the tube is generally
higher than the natural temperature. The gas in the water will
be released and the bubbles will form. The interaction of the
bubble with the contraction structure can also cause negligi-
ble disturbance to the flow in the pipe and affect its heat
transfer. Therefore, we believe that the study of bubble flow
in the corrugated tube has a certain reference value for
improving the heat transfer of the heat exchanger, reducing
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the pressure drop of the helically corrugated tube and obtain-
ing the empirical formula of thermal performance.

The method of numerical simulation of bubble motion
has been well developed [6–11]. In order to describe the
movement characteristics of the bubbles in the corrugated
tube intuitively, it is convenient to study it with the simula-
tion method. FTM is a classic method used in numerical sim-
ulations that has been widely used in multiphase analyses
[12–14]. It can accurately capture the complex topological
changes of the moving interface, and it is very important in
tracking the phase interface during the research process of
multiphase flow.

Therefore, in this paper, the FTM was used to simulate
the free rise of a single bubble in the transverse ridged
tube. However, the cross-sectional shape of the transverse
ridged tube is not a regular rectangle like an ordinary
pipe, so we set the contraction channel by modifying the
boundary position. And we analyzed the coupling effect
between the bubble and the solid wall of the channel
and studied the influences of sudden contraction on the
shape, velocity, and trajectory of the bubble. It is hoped
that the analysis of the flow field under coupling effect
between the bubble and the solid wall of the channel will
provide a theoretical help for the design of the heat trans-
fer pipe in a solar hot water system, so that the internal
flow of the transverse ridged tube can be more reasonable
and achieve better heat transfer effect.

2. Mathematical Model, Numerical Methods,
and Physical Model

2.1. Tracking and Processing the N-S Equations at the Phase
Interface. The surface tension is concentrated on the interface
when the control equation is applied to the whole calculation
area. We consider introducing a source term and is applied
by multiplying the volume force and the δ function. The δ
function is nonzero only on the interface. Using the amend-
ments above, the two-dimensional incompressible flow
momentum equation can be expressed as

∂
∂t

ρu + ∇⋅ ρuu = −∇p + ρg + ∇⋅ μ ∇u + ∇uT

+
s
σκnδ x − x f ds,

1

where δ x − x f is the two-dimensional Dirac function, x f

is the position of the surface, the integral is along the
interface S, n is the interface normal, σ is the interface
tension coefficient, κ is the secondary interface average
curvature, and ρ and μ are noncontinuous density field
and viscosity field.

To solve the equation above, we split (4) and remove the
pressure introducing the temporary speed u∗. Thus, an
equation containing only the A convection term and the D
diffusion term is obtained:

u∗ − un
Δt = −An + g + 1

ρn
Dn 2

By solving the equation, we obtain the temporary velocity
field without pressure, and then add the pressure term to
obtain the general velocity discrete equation:

un+1 − u∗
Δt = −

∇hp
ρn

3

In the formula, ∇h is a discrete form of the Hamiltonian
operator whose step size is h and because of the speed it needs
to meet the discrete form of mass conservation:

∇hun+1 = 0 4

Then the pressure Poisson equation is obtained:

∇h ⋅
1
ρn

∇hp = 1
Δt ∇h ⋅ u∗ 5

TheCSF (continuous surface forcemethod)method given
by Brackbill [15] was used to calculate the surface tension.

Fσ =
s
σ T kn + ∂σ T

∂ s
t x − x f ds 6

Take the surface tension on the unit line to study, for the two-
dimensional flow is

κn = ∂t
∂s

7

Get the surface tension on the unit interface element:

δFl
σ =

△s
σ
∂t
∂s

+ ∂σ T
∂ s

t ds = σt l+1/2 − σt l−1/2 8

Here, t is the tangent vector on the interface.

2.2. Reconstruction of Density and Viscosity. For immiscible
and incompressible fluids, the fluid maintains its characteris-
tics at both sides of the interface, so there is a step in the phys-
ical properties at the interface. When the interface moves, the
density and viscosity distribution of the interface also change,
so the Heaviside function is introduced as an indicator to
characterize the change:

H φ =

1, φ > α

1
2 1 + φ

α
+ 1
π

πφ

α

0, φ < −α,

,  φ ≤ α 9

where φ is the distance from the given point to the interface,
and 2α is the absolute value of the thickness of the transition
zone between the two fluids. So the density and viscosity
distribution is

ψ φ =H φ ψ1 + 1 −H φ ψ2 10

Here, ψ1, ψ2 are the density and viscosity of the two fluids.

2.3. Interface Movement. The moving interface is typically
combined with a fixed mesh, and the information exchange
between the interface and the grid is achieved by the area
weight function. With the bilinear interpolation method,
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the abrupt change density and the surface tension of the
interface are changed from the interface to the fixed grid.
Finally, we use a simple first-order time integral to obtain
the interface position of the next time.

x n+1
f = xnf + Δtunf 11

Here, xnf is the position of surface and u is velocity.

2.4. Physical Model. In the actual production industry, the
geometric conditions of the contractive channel are varied,
and to facilitate the research, only the unit shown in
Figure 1 is extracted as the object of this paper and the upper
and lower borders are set to periodic boundary conditions to
satisfy the structure of the transverse ridged tube. Since the
three-dimensional model will spend much time, so we use
the two-dimensional model. The contractive ratio is defined
as E=L/M and is used to describe the contractive degree. D
is the diameter of the bubble.

Re is defined as

Re = ρluD
υl

12

Eo is defined as

Eo = ρlgD
2

σ
13

Mo is defined as

Mo =
ρl − ρg gυl

4

σ3ρl
2 14

Here, ρl is the density of liquid phase, υl is the viscosity of
liquid phase, σ is the coefficient of the surface tension, ρg is
the density of the gas phase, and g is the acceleration due
to gravity.

2.5. Initial Conditions. Given D/L=0.2, the center coordi-
nates of the bubble are (0.5 L, 0.5 L). In this paper, the ratio
of the two-phase density is 5 : 1, and the wetting condition
(contact angle effect) is not considered. The calculating area
is the 12 rectangular region, and the grid resolution is
256× 512 (including the contraction region, which is not
involved in the calculation). The X direction was defined
using a no-slip boundary condition, and the Y direction
was defined using periodic boundary conditions. All the
results in this paper are simulated in two-dimensional space.

3. Calculation Results and Discussion

Hua and Lou simulated several typical bubble morphology in
Bhaga and Weber [16] with a two-dimensional model, and
they compared the Re number between the experiment and
simulation and results from simulations agree with those of
experiments very well within 10% difference. So, we simu-
lated one of the case (Eo=116, Re =13.95) from Hua and
Lou [12] and the result is shown in Figure 2. We can find that

the results of our model are very close to the result reported
in [12].

In the process of numerical simulation, the grid density
has a significant effect on the calculation results. In order to
ensure that there is no correlation between the grid density
and the calculated results, we have carried out the four cases
of the grid density of 64× 128, 128× 256, 256× 512,
512× 1024 to simulate the bubble rises in the contractive
channel and we extract the position of bubble centroid at dif-
ferent time. The results are shown in Figure 3. It can be seen
that the difference between the numerical results is not large
at different grid densities. The calculation results of the other
three cases are very close except that the grid density is
64× 128. To meet the accuracy of the calculation results
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Figure 1: Physical model.
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Figure 2: The evolution of a rising bubble with Eo = 116 and
Re = 13.95.
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and to save the calculation time as much as possible, we select
the 256× 512 grid density to calculate the object of our study.

4. Effect of a Symmetric Contractive Channel on
Bubble Deformation

In this part, we primarily analyze the effect of the symmetric
contractive channel on the bubble’s deformation. Figure 4
shows the movements of bubbles with a contractive ratio of
1, 1.18, 1.45, 1.88, 2.2, 2.67, 4.57, and 16 under the same sit-
uation (Re=28.2, Eo=16, and Mo=0.01). In the noncon-
tractive channel (E=1), the bubble changes from circular
into a hat, and then, its shape becomes stable.

Because the contractive degree is small (E=1.18, 1.45),
the deformation of the bubble in this channel does not differ
significantly from a bubble in the noncontractive channel.
When the contractive ratio is 1.88, 2.2, 2.67, and 4.57 and
before entering into the contractive portion of the channel,
the shape of the bubble is more flat compared with the shape
of bubbles in the noncontractive channel. Even when the
contractive ratio is greater (E=2.67, 4.57), the bubble
becomes wider than that section of the contraction. When
the bubble just enters the contractive portion of the channel,
the middle portion of the bubble is raised up. When the bub-
bles enter into the contractive portion of the channel, the dis-
tance of the vertical wall on both sides of the bubble becomes
smaller, and the shape of the bubble is not as flat as before.
When the contractive ratio is 16, the bubble cannot pass
through the contraction, and its shape becomes more flat.

To analyze the deformation of the bubble more directly,
the deformation of the bubble was measured using the aspect
ratio. Figure 5 shows the variation of aspect ratio with the
centroid height of the bubble during the bubble motion given
the condition in Figure 4. In a sudden contractive channel,
the deformation of the bubble is primarily affected by
the horizontal wall of the contraction above the bubble
and the vertical wall in the contractive channel. When
the bubble is close to the contractive part of the channel,
the bubble is primarily affected by the horizontal wall at
the top of the bubble. When the bubble enters into the
contractive portion, it is primarily affected by the vertical
wall on both sides of the bubble.

When the contractive ratio is 1.18 and 1.45 and the
bubble is near the contractive portion, because the horizontal

wall above the bubble is small, there is a slight effect on the
shape of the bubble, and there is only a slight increase in
the aspect ratio. When the bubbles remain in the contractive
part, the aspect ratio of the bubble is smaller because of the
effect of the vertical wall.

When the contractive ratio is 1.88, 2.2, 2.67, and 4.57 and
the bubbles are close to the contractive part, the bubbles are
primarily affected by the horizontal wall above the bubble.
Therefore, when the aspect ratio of the bubble is compared
with the motion in the noncontractive channel, the aspect
ratio of the bubble is greater, and with an increase in the con-
tractive degree, a larger horizontal wall area results in a stron-
ger effect. For example, when the contractive ratio is 4.57, the
aspect ratio achieved the maximum value of 5.2, which is 1.85
times greater than the motion of the bubbles in the noncon-
tractive channel at the same time.When the bubbles enter the
contractive portion, the shape of the bubble will be affected
by the vertical wall on both sides of the channel, and the
aspect ratio of the bubble becomes smaller. When the bubbles
come out from the contractive portion, the aspect ratio of the
bubble will become larger.

When the contractive ratio is 16, because the contractive
degree of the channel is too large, the channel is too narrow
and the bubbles cannot enter the contractive portion. The
bubble is primarily affected by the horizontal wall on the
top of the bubble. The aspect ratio of the bubble increases
constantly, and the maximum aspect ratio is close to 8 and
would then decrease, but the bubble still cannot pass through
the channel.

5. Effect of the Symmetric Contractive Channel
on the Velocity of the Bubbles

When the bubbles move upward from the bottom under the
action of gravity, the channel which contracted suddenly will
affect the speed of the bubbles, and this effect is primarily
influenced by Eo and Re. In this paper, we only analyze the
situation in which the bubbles can pass through the contrac-
tive channel, and we do not analyze the situation in which the
bubble cannot pass through the channel when the contractive
ratio is too large, as shown in Figure 4 (E=16). In this sec-
tion, we study the case which the contractive ratio is 2.2,
because in this case the effect of the wall becomes obvious
and the bubble can go through the channel smoothly. We
compared the motion of the bubble with that of the noncon-
tractive channel. To react to the speed and the deformation of
the bubble, this paper analyzed the bottom and the top
velocity of the bubble.

The influence of the contractive channel on the velocity
of the bubble was primarily related to Re and Eo. Figure 6
is the change chart for the bottom and the top velocity of
the bubble in the case of Re=70 and Eo=8, and Figure 7 is
in the case of Re= 70 and Eo=3.2.

As Figure 6 shows, during the early process of the bubble
rising, the bubble was far away from the section of the con-
traction. The velocity of the bubble was less affected, so the
speed of the bubble in the contraction channel was the same
as the speed in the noncontractive channel. When the bubble
was close to the contractive channel, it was affected by the
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Figure 3: Grid convergence test.
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horizontal wall. Therefore, the aspect ratio of the bubble
becomes greater, the resistance to the bubble rising becomes
greater, and the velocity of the bubble becomes smaller.
When the bubble enters into the contraction, the aspect ratio

E = 2.2 E = 2.67 E = 4.57 E = 16

E = 1 E = 1.18 E = 1.45 E = 1.88

Figure 4: Free rise of the bubbles in different contractive channels (Re = 28.2, Eo = 16, and Mo= 0.01).

0.5 1 1.5 2
0

1

2

3

4

5

6

7

8

Centroid height of bubble

E = 1
E = 1.18
E = 1.45

E = 1.88
E = 2.2
E = 2.67

E = 4.57
E = 16

A
sp

ec
t r

at
io

Figure 5: Aspect ratio of the bubbles with different contractive
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Figure 6: The free rising velocity of bubbles in the contractive and
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of the bubble decreases, the resistance to the bubble rising
was also reduced, and the velocity of the bubble increased.
When the bubble was coming out of the contractive portion,
the velocity of the bubble decreases.

When the bubble is located near the contractive part, the
contractive channel decelerates the bubble, and when the
bubble enters the contraction, the contraction accelerates
the bubble. Figure 8 shows the height-time diagrams of the
bubble from which we can observe the influence of the
contraction clearly under the combined influence of the
“deceleration” and the “acceleration.” The time it takes the
bubble to go through the contractive and noncontractive
channels is approximately the same.

It can be observed from Figure 7, in the case of a larger Eo
value, the contractive channel also has the effect of “deceler-
ating” and “accelerating” the bubbles compared with the
front situation. The contractive channel had a weak influence
on the acceleration of the bubbles. Therefore, as shown in
Figure 9, it takes the bubble a longer time to pass through
the contractive channel compared with the bubble going
through the noncontractive channel.

The first case shows the influence of the contractive chan-
nel on the velocity of the bubble for the two different values of
Eo. This influence on the velocity is strongly affected by Eo
and Re. According to the analysis above and due to the influ-
ences of the contractive channel, the velocity of the bubbles
decreased when the bubble nears the section of the contrac-
tive channel, and then when the bubble enters the contrac-
tion, the velocity of the bubble increased. To measure the
comprehensive influence of the contraction channel on the
velocity of the bubble, we defined the average velocity ratio
as, in the same case, the average velocity of a bubble that
moves from the initial position to a position that is
completely through the channel; the contraction channel
has a constant cross-sectional area. Figure 10 shows the dis-
tribution of the average velocity ratio of the bubbles when
Re and Eo are different.

As seen in Figure 10, with an increase in Re, the ratio of the
average velocity increased given the same value of Eo. Accord-
ing to the research from Clift [1], with an increase in Re, the
shape of the bubbles has the tendency to become more flat. A
flat bubble shape results in a greater resistance to rising. How-
ever, when the bubbles pass through the contraction channel,
the bubbles are squeezed due to the effect of the wall making
the aspect ratio of the bubble decrease, and the resistance of
the bubble to rise has a decreasing trend. Therefore, the ratio
of the average velocity increases with an increase in Re.
Figure 10 shows that a decrease in Eo results in the average
velocity ratio of the bubble being reduced. A smaller Eo results
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Figure 7: The velocity of the bubbles in the contractive and
noncontractive channels (Re = 70, Mo= 8× 10−5, and Eo = 3.2).
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in amore difficult deformation of the bubble, so the effect that
the vertical wall makes the aspect ratio of the bubble become
smaller is not obvious. That is, the resistance of the bubble to
rise is not obvious. A smaller Eo results in the bubble having
a smaller average velocity ratio.

6. Conclusion

(1) The bubble rises freely in a symmetric contractive
channel when the distance between the bubbles and
the contractive part of the channel is considerable,
and the deformation of the bubble is similar to the
situation in which the bubbles move in a noncontrac-
tive channel. When the bubble is close to the contrac-
tive channel, due to the effect of the wall, the shape of
the bubbles will be more flat; that is, the aspect ratio
becomes greater. When the bubbles enter the con-
tractive part of the channel, the shape of bubbles will
not be as flat as before, and the aspect ratio becomes
small. A greater contractive degree of the channel
results in the effect becoming more obvious.

(2) Compared with the noncontractive channel, when
the bubble rises freely in a symmetric contractive
channel, the contractive channel causes the velocity
of the bubble to decrease at first and then increase
combining both “deceleration” and “acceleration.”
The average velocity of the bubble in the contractive
channel may be greater than in the noncontractive
channel or it may be smaller. The main influential
factors are Re and Eo, and when Re or Eo is greater,
the bubble will have an accelerating trend.
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The Marangoni effect and Rayleigh-Benard effect in the two-phase region of solar trough heat-absorbing tube are simulated by
FTM (front tracking method). Considering the Marangoni effect alone, although surface tension gradient and surface tension
affect the interface wave, the two effects have different characteristics. The surface tension gradient caused by the temperature
gradient is one of the factors that swing the interface. The amplitude attenuation of the interface wave decreases with the
increase of the Marangoni number (Ma). In general, the surface tension gradient enhances the convection opposite to the
temperature gradient. Under the gravity field, the Rayleigh-Benard effect influences the development of the vortex structure in
the flow field, which in turn affects the velocity gradient near the interface to influence the evolution of the interface fluctuation.
In a small Rayleigh number (Ra), the buoyancy convection reduces the velocity gradient, thus suppressing the evolution of the
interfacial wave. In the range of Ra< 4.0E4, the larger the Ra, the stronger the inhibitory effect. However, when the Ra number
is large (Ra> 4.0E4), the situation is just the opposite. The larger the Ra is, the stronger the promoting effect is.

1. Introduction

Heat-absorbing tube, the primary part of the solar thermal
system, is a device used to convert solar energy to heat
energy. Its stability and heat transfer efficiency inside have a
direct impact on the operation of the whole system. A lot of
researchers have studied its aspects. By numerical calcula-
tion, Muñoz and Abánades [1] and Kumar and Reddy [2]
obtained results showing that changing the geometrical
parameters can enhance the heat transfer and reduce the
temperature gradient in the tube like adding a porous disk
and using helical internal fins, thereby reducing heat loss.
Flores and Almanza [3] designed a copper-steel composite
bimetallic heat pipe which is helpful to reduce the circumfer-
ential temperature difference. Agrafiotis et al. [4] pointed
out that the use of good thermal shock resistance of the
ceramic material can effectively overcome the damage
caused by temperature gradient. It is obvious to find that
the temperature gradient inside is always harmful, which
is too easy to cause the pipe bending, heat loss increase,

and a series of problems. However, scholars are more
concentrated on the pipe material, structure or other
external factors, and the effect of the radial temperature
gradient on the flow in the tube, and the resulting heat
loss had few analyses.

Poor radial temperature distributions create Marangoni
and Rayleigh-Benard effects. The Marangoni effect and the
Rayleigh-Benard effect cover large areas [5–7], included cov-
ering slags, contaminant transport, hypermonotectic alloy
etc. Two effects were discovered very early [8, 9], but in
recent years, scholars paid close attention to it again because
this seemingly insignificant perturbation has a significant
impact on fluid flow instability, heat transfer, and mass trans-
fer [10–12]. The study for the two effects is mainly focused on
the causes of convection and the effect of heat transfer and
mass transfer on convections [13, 14]; however, little atten-
tion has been paid to the change of interface motion caused
by the convective process.

As mentioned above, the Marangoni effect and Rayleigh-
Benard effect in heat-absorbing tube have been studied
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extensively, but the influence of the two effects on the inter-
face fluctuation has not been explored thoroughly, due to
the high-precision demand for interface tracking. Therefore,
in order to study the interfacial fluctuation under the effect of
convection caused by temperature gradient, this paper
adopts a numerical method (FTM) with high interfacial
numerical accuracy [15, 16], a numerical simulation of inter-
face fluctuation within a two-phase region in a heat-
absorbing tube is carried out, and some characteristics of
Marangoni and Rayleigh-Benard effects on the variation of
the interfacial fluctuation are found, which are expected to
improve the internal working environment and to develop
higher efficiency heat-absorption.

2. Mathematical Model and Numerical Method

2.1. Phase-Interface Tracking N-S Equation and Energy
Equation

Assumptions. The fluid is incompressible Newtonian fluid,
and the fluid density change satisfied the Boussinesq approx-
imation without heat source; its two-dimensional flow
momentum equation and energy equation can be written
as follows:

ρ
∂u
∂t

+ ρ∇⋅ uu = −∇p + ρgβ T − TL + μ∇2u + f ,

∂ρcpT
∂t

+ ∇⋅ ρcpTu = ∇⋅ k∇T

1

These equations are valid for the whole flow field, and the
various fluids can be identified by a step (Heaviside) function
H, which is written in Section 2.4, where u is velocity, p is
pressure, ρ is the fluid density, μ is viscosity, g is acceleration
of gravity, k is the thermal conductivity, cp is the heat capacity
at constant pressure, T is the temperature, f is the volumetric
forces at the interface regardless of gravity, β is the thermal
expansion coefficient, and TL is the reference temperature
in the Boussinesq model, which is the temperature of the
cold wall.

2.2. The Surface Tension.Using the CSF (continuous-surface-
force) method, the expression is

Fσ =
s
σ T kn + ∂σ T

∂ s
t δ x − x f ds, 2

where δ x − x f is a Dirac function that when on the interface
shows 1 and if not shows 0.

The surface tension is assumed to vary linearly with tem-
perature, and the expression is as follows:

σ T = σ0 + γ T − T∗ , 3

where γ is the temperature coefficient, in general, which has a
negative value, T∗ is the initial average temperature of the
interface, and the temperature of the interface point is
obtained from the fixed grid by bilinear interpolation.

2.3. Moving the Interface. The interface is usually combined
with a fixed grid; the exchange of information between the
interface and the grid is achieved through the area weight
function. After the bilinear interpolation is performed, the
moving speed of the interface can be obtained (well, the
interface is always moving without the need of calculating
the speed). Using a simple first-order explicit time integral,
we can get the interface position in the next time step.

x n+1
f = xnf + Δtunf , 4

where x n+1
f and xnf are the position of the interface at time

n + 1 and n, respectively, Δt is the time step, and unf is the
velocity of the interface at time n.

2.4. Reconstruction of Physical Field. For immiscible and
incompressible fluid, fluid holds its characteristics, respec-
tively, at both sides of the interface. When the interface
moves, the distribution of interfacial parameter also changes,
so we use the Heaviside function to characterize this change:

H φ =

1, φ > α

1
2 1 + φ

α
+ 1
π

πφ

α
, φ ≤ α

0, φ < −α,

5

where φ is the distance to the interface of a given point and
2α is the thickness of the transition region between the abso-
lute value of the two fluids. Therefore, the distribution of
density, viscosity, thermal conductivity, and constant pres-
sure heat capacity is obtained by using the abovementioned
instruction function.

2.5. The Physical Model. As shown in Figure 1(a), the heat-
absorbing tubes are placed horizontally and there are three
sections. The second zone of the steam-water two-phase zone
is taken as the research object as shown in Figure 1(b). TH
and TL are the radiation surface temperature (high tempera-
ture) and the back radiation surface temperature (low tem-
perature), respectively. The temperature difference of the
high and low temperature wall is set to 100; all the physical
quantities used in this article have been nondimensionlized.
The calculated domain size is L × L = 1 × 1, the grid number
is 600× 600, where h is the grid spacing, Δt = 0 06h, and an
initial disturbance of 0.1 at Y = 0 5 was provided, due to the
existence of relative movement between the upper and lower
layers of fluid; therefore, an initial shear field [17] can be set
as follows:

1 x, y = tan h
y − 0 5 − 0 01sin 2px

0 02 6

The fluid’s initial speed is defined as follows:

u x, y, 0 = θl x, y ,
v x, y, 0 = 0,

7

where θ is the velocity coefficient.
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2.6. Model Verification. Where there is large shear force
across an initial amplitude between two-component fluids,
the interface is unstable, which is called Kelvin-Helmholtz
instability. According to the results from Lee and Kim [17].
When we set h = 1/256, Δt = 0 064h, Re = 5000, and g = σ
= 0, the analytical nondimensional growth rate γe can be
written as follows:

γe =
4π r
1 + r

8

r is the density ratio between two fluids.
The numerical growth rate γn can be written as

γn =
A t / A0 − 1

t
, 9

where A0 is the initial amplitude.
In this paper, a model verification was provided by com-

paring with the numerical results from analytical results as
shown in Figure 2. It depicts that two results are in good
agreement. The conclusion shows that the numerical method
of this paper can realize the description of the interface insta-
bility process well.

2.7. Dimensionless Definition. The Marangoni number was
defined as

Ma = γ ∇T d
μ2a2

10

The Reynolds number was defined as

Re = ρ2u0d
μ2

, 11

where u0 is the initial velocity of the fluid in the gravity field
defined as u0 = gρ2d

2/2μ2.
The Rayleigh number was defined as

Ra = βρ2g∇Td
3

μ2a2
12

3. Result and Discussion

3.1. Marangoni Effect on Liquid Membrane Flow. In micro-
gravity or zero gravity, the Rayleigh-Benard effect is very
weak; in order to highlight the effects of the Marangoni effect,
gravity is not considered here. Considering that the velocity
of the two-phase zone in the heat-absorbing tube is small,
when the Reynolds number is small, the fluid instability will
not continue to develop but will be restored due to the
smaller shear force at the interface. At the same time, due
to the smaller size of convective heat transfer in the flow field,
a vertical downward temperature gradient can still be formed
near the interface. There will be two effects at this point; on
the one hand, as the temperature changes, the surface tension
coefficient accordingly. As shown in Figures 3(a), 3(b), and
3(c), in the initial stage (t=0.03), the pressure produced by
the interface varies obviously due to the different coefficients
of surface tension. The larger theMa number is, the lower the
pressure difference at the wave crest (high temperature) is,
and the greater the pressure difference at the trough (low
temperature) is. In addition, it can be found in Figure 3(a)
that the internal and external pressures are approximately
symmetrical, but Figures 3(b) and 3(c), Ma is not zero. Due
to the effect of the tangential surface tension, the internal
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and external pressures at the crest and trough interface
become asymmetrical.

On the other hand, the surface tension gradient caused by
the temperature gradient affects the motion of the interface,
which inhibits perturbations moving in the same direction
of the temperature gradient and promotes perturbations
moving in the opposite direction of the temperature gradient.
The numerical value of the surface tension affects the normal
surface tension, while the surface tension gradient affects the
tangential surface tension. In order to distinguish the differ-
ence between the normal surface tension and the tangential
surface tension, Figure 4 depicts the time dependent curves
of the peaks and troughs of the interface when the coefficient
of surface tension and the number of Ma are changed,
respectively. As can be seen from the figure, the wave
crests and troughs are symmetrically changed under the
same conditions. In further analysis, comparing the curves
of Ma=0, sigma (surface tension coefficient) = 0.01, and
Ma=0, sigma=0.02 in Figure 4, increasing the surface
tension coefficient reduces the fluctuation period, and
when the number of fluctuations is the same, the fluctuation
range of the crest and trough increases. But comparing the
curves of sigma=0.01, Ma=0 and sigma=0.01, Ma=3.33E4,
at the crest of the latter, the surface tension decreases
due to the influence of temperature, and only from this point
of view, the wave period of crest should be increased. How-
ever, the reaction in the curve is not the case because the sur-
face tension gradient is downward, and the period of wave
crest decreases at the trough; the surface tension coefficient
is greater than the average because the temperature is lower;
if only the increase of the coefficient of surface tension is con-
sidered, the magnitude of the trough recovery should be
increased. Because of the downward surface tension gradient,
the upward recovery movement is suppressed, and the upper
pole of the first movement of Ma=3.33E4 is smaller than that
of Ma=0; comparing the curves of sigma=0.01, Ma=1.33E4
and sigma=0.01, Ma=3.33E4, respectively, from the two sets

of curves, we can see that the difference of peaks and troughs
due to the surface tension gradient increases with the
increase in the Ma numbers. At the later stage of the motion,
the disturbance amplitude is gradually smaller, and the
repeated fluctuation make the single temperature gradient
near the interface gradually disappear, and the disturbance
fluctuation gradually becomes symmetrical. On the whole,
in the Marangoni system, the existence of the surface tension
gradient increases the unstable factors, and the larger the Ma
number is, the longer is the time required for the interface
disturbance to recover.

Because of the gradient of surface tension, the flow field is
strengthened in the direction of temperature gradient and the
temperature change near the bottom of the interface is
affected. This change fluctuates with the fluctuation of the
interface, and the fluctuation is similar. Figure 5 shows the
change of the average temperature between 0.2 and 0.4 in
the longitudinal direction of the flow field (y-axis). When
the number of Ma is zero, the bottom temperature changes
with a very symmetrical periodic change, while the number
of Ma is not equal to zero. The temperature fluctuation
amplitude is greatly enhanced. At the beginning of the
movement, as the deformation of the interface begins to
recover, the bottom temperature begins to decrease, but the
surface tension gradient promotes downward convection;
the larger the Ma number is, the smaller the temperature
drop is and the faster the temperature rise is. In addition,
the increase of the Ma number increases the magnitude of
the temperature rise.

3.2. The Effect of Rayleigh-Benard Effect on the Stability of
Fluid Interface under Gravity. In the normal gravity field,
the Marangoni effect is almost negligible compared with the
Rayleigh-Benard effect. Therefore, the influence of the
Rayleigh-Benard effect on the flow field of the fluid interface
is studied by setting the upper fluid in the opposite direction
to the underlying fluid; the influence of the Marangoni effect
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Figure 3: The pressure distribution of the interface at T= 0.03 time, Re = 12.5.
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is ignored. Figure 6 shows the streamline with Ra= 0, 1.25E4,
and 6.25E4 and with T=0.09, 1.99, and 4.44, respectively. In
order to observe it better, a separate color note was used each
time. As shown in Figure 6, the vortices generated by the
Rayleigh-Benard effect interacts with the original vortices.
When the Ra number is small (Ra= 1.25E4, Figures 5(b),
5(e), and 5(h)), the center of the flow field generates a vortex
with a larger vortex velocity. When the Ra number is large
(Ra=6.25E4, Figures 5(c), 5(f), and 5(i)), the eddy current
in the center of the flow field does not change significantly
in the X direction, but the velocity of turbulence increases
obviously on both sides. When t=1.99 and Ra=0, the vortex
develops only near the interface, and in the case of
Ra= 1.25E4, the range of the vortex becomes larger and is
almost filled with the half of area. And two plume vortic-
ities are produced in the lower left corner and the lower
right corner. The kinetic energy is constantly dissipated in
the rotary motion, so the velocity of the fluid decreases
gradually. In the case of Ra=6.25E4, the distribution of
vortices is similar to that of Ra= 0, only at the vicinity of
the interface, and the velocity of the upper fluid becomes
larger. By the influence of the Rayleigh-Benard effect, when
Ra is not zero, the flow rate of the lower fluid decreases.
Moreover, the speed at Ra=1.25E4 decreases by a greater
magnitude than that of Ra=6.25E4. The flow rate of the
upper fluid is different from that of the lower fluid. At
Ra= 1.25E4, the flow rate of the upper fluid decreases, while
when Ra= 6.25E4, the flow rate of the upper fluid increases
significantly. In general, when Ra= 1.25E4, the difference of
velocity between fluids decreases; when Ra= 6.25E4, it sug-
gests the opposite. Another big difference is the vortex
structure in later stage, when Ra= 0, it almost disappears;
in the case when Ra is not zero, there is always a vortex
at the center of the flow field.

Figure 7 shows the time-dependent curves of amplitude
in different Ra number. At Ra= 0, the velocity gradient

between fluids is so large that the surface tension can no lon-
ger overcome the shear force and maintain the original state,
which results in the appearance of the fingers at the interface;
this phenomenon has been mentioned by [18]. When
Ra=1.25E4, the Rayleigh-Benard effect reduces the velocity
difference, and the disturbance does not produce the finger-
like protrusions, but the amplitude of interface decreases
gradually. When Ra= 6.25E4, the difference increases and
the amplitude increases. In addition, the interface develop-
ment does not monotonically because of the existence of vor-
tices, and by the same reason, tremors becomes unstable after
T=5 in the case of Ra=6.25E4 and Ra= 0.

So the influence of the Rayleigh-Benard effect on the
interface perturbation is found to have two opposites effects
when the Ra number is small and the Ra number is large.
As shown in Figure 7, since the phase of the interface wave
is different in different cases, the second trough of the curve
in Figure 7 is taken as a form. It can be seen from Figure 8
that in the range of 1.0E4<Ra< 4.00E4, the amplitude of
the interface wave decreases with the increase of Ra number,
that is, with the increase of Ra number, the inhibition
of buoyancy convection on the interfacial wave instability
is increasingly strong, which is opposite to the case of
4.0E4<Ra< 6E.04.

4. Conclusions

In this paper, we consider the flow effect caused by the
uneven temperature distribution in the basic FTM model
and simulate the evolution process of the interface wave at
the shear field with or without gravity, providing a theoretical
basis for the optimization design of the heat-absorbing tube.
The specific research results are as follows:

(1) In the shear field, when only the Marangoni effect
is considered, the interface evolution is affected by
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both surface tension and the gradient of surface
tension. When the motion direction of the inter-
face is the same as that of the surface tension gra-
dient, the motion is promoted. As a whole, the

surface tension gradient increases the instability
due to the temperature change, and the attenua-
tion of the amplitude becomes slower. Therefore,
the choice of large temperature coefficient of the
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fluid can enhance the heat transfer in the heat-
absorbing tube.

(2) In the gravitational field, the Marangoni effect and
the Rayleigh-Benard effect work together, but
compared with the Marangoni effect, the Rayleigh-
Benard effect dominates and does not have obvious
directionality; at first, it affects the development of
the flow field vortex structure, and then the change
of the velocity gradient near the interface affects the
evolution of the interfacial fluctuations. When the
Ra number is small, the buoyancy convection causes
the velocity gradient to decrease and suppress the
evolution of the interface wave, and the function is
stronger in no other Ra number than 4.0E4.
However, when the Ra number is large, the situation
is exactly the opposite to the small one. From what
has been discussed above, it is better to let the Ra
number stay away from 4.0E4 by some means such
as the fluid’s density, viscosity and thermal expansion
coefficient, which make the flow field vortex move-
ment most violently, and is the most favorable for
heat transfer.
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Predicting the performance of solar water heater (SWH) is challenging due to the complexity of the system. Fortunately,
knowledge-based machine learning can provide a fast and precise prediction method for SWH performance. With the predictive
power of machine learning models, we can further solve a more challenging question: how to cost-effectively design a high-
performance SWH? Here, we summarize our recent studies and propose a general framework of SWH design using a machine
learning-based high-throughput screening (HTS) method. Design of water-in-glass evacuated tube solar water heater (WGET-
SWH) is selected as a case study to show the potential application of machine learning-based HTS to the design and
optimization of solar energy systems.

1. Introduction

How to cost-effectively design a high-performance solar
energy conversion system has long been a challenge. Solar
water heater (SWH), as a typical solar energy conversion sys-
tem, has complicated heat transfer and storage properties
that are not easy to be measured and predicted by conven-
tional ways. In general, an SWH system uses solar collectors
and concentrators to gather, store, and use solar radiation to
heat air or water in domestic, commercial, or industrial
plants [1]. For the design of high-performance SWH, the
knowledge about correlations between the external settings
and coefficients of thermal performance (CTP) is required.
However, some of the correlations are hard to know for the
following reasons: (i) measurements are time-consuming
[2]; (ii) control experiments are usually difficult to perform;
and (iii) there is no current physical model that can precisely

connect the relationships between external settings and
intrinsic properties for SWH. Currently, there are some
state-of-the-art methods for the estimation of energy system
properties [3–5] and for the optimization of performances
[6–11]. However, most of them are not suitable for the solar
energy system. These problems, together with the economic
concerns, significantly hinder the rational design of high-
performance SWH.

Fortunately, machine learning, as a powerful technique
for nonlinear fitting, is able to help us precisely acquire the
values of CTP with the knowledge of some easy-measured
independent variables. With a sufficiently large database, a
machine learning technique with appropriate algorithms
can “learn” from the numerical correlations hidden in the
dataset via a nonlinear fitting process and perform precise
predictions. With such a technique, we do not need to exactly
find out the physical models for each CTP and can directly
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acquire a precise prediction with a well-developed predictive
model. During the past decades, Kalogirou et al. have done a
large number of machine learning-based numerical predic-
tions of some important CTPs for solar energy systems
[12–19]. Their results show that there is a huge potential
application of machine learning techniques to energy sys-
tems. Based on their successful works, we recently developed
a series of machine learning models for the predictions of
heat collection rates (daily heat collection per square meter
of a solar water system, MJ/m2) and heat loss coefficients
(the average heat loss per unit, W/(m3K)) to a water-in-
glass evacuated tube solar water heater (WGET-SWH)
system [2, 20, 21]. Our results show that with some easy-
measured independent variables (e.g., number of tubes and
tube length), both heat collection rates and heat loss coeffi-
cients can be precisely predicted after some proper trainings
from the datasets, with proper algorithms (e.g., artificial neu-
ral networks (ANNs) [2, 20], support vector machine (SVM)
[2], and extreme learning machine (ELM) [21]). An ANN-
based user-friendly software was also developed for quick
measurements [20]. These novel machine learning-assisted
measurements dramatically shorten the measurement period
from weeks to seconds, which has good industrial benefits.
However, all the machine learning studies mentioned here
are only the predictions and/or measurements. So far, very
few industries really put these methods into practical applica-
tions. To the best of our knowledge, very few references
concern about the optimization of thermal performance of
energy systems using such a powerful knowledge-based tech-
nique [22]. To address this challenge, we recently used a
high-throughput screening (HTS) method combined with a
well-trained ANN model to screen 3.5× 108 possible
designs of new WGET-SWH settings, in good agreement
with the subsequent experimental validations [23]. This
is so far the first trial of HTS to a solar energy system
design. The HTS method (roughly defined as the screening
of the candidates with the best target properties using
advanced high-throughput experimental and/or computa-
tional techniques) has already been widely used in biolog-
ical [24–28] and computational [29–31] areas. With the
basic concept that screening thousands or even millions
of possible cases to discover the candidates with the best
target functions or performances, HTS helps people dra-
matically reduce the required regular experiments, saving
much economic cost and manpower.

In this paper, we aim to propose an HTS framework for
optimizing a solar energy system. Picking SWH as a case
study, we show how this optimization strategy can be applied
to a novel solar energy system design. Different from the
study by Liu et al. [23], this paper shows the predictive power
of machine learning and the development of a general HTS
framework. Instead of listing tedious mathematical works,
in this paper, we provide vital details about the general
modeling and HTS process. Since tube solar collectors have
a substantially lower heat loss coefficient than other types of
collectors [12, 32], WGET-SWHs gradually become popular
during the past decades [33–35], with the advantages of
excellent thermal performance and easy transportability
[36, 37]. With this reason, we chose the WGET-SWH system

as a typical SWH, to show how a well-developed ANNmodel
can be used to cost-effectively optimize the thermal perfor-
mance of an SWH system, using an HTS method.

2. Machine Learning Methods

2.1. Principles of an ANN. There are various machine
learning algorithms that have been effectively applied to the
prediction of properties for energy systems, such as ANN
[12, 13, 17, 18, 20, 38], SVM [20, 39, 40], and ELM [21, 41].
Because the ANN method is the most popular algorithm
for numerical predictions [42], we only introduce the basic
principle of ANN here. A general schematic ANN structure
is shown in Figure 1, with the input, hidden, and output
layers constructed by certain numbers of “neurons.” Each
neuron (also called a “node”) in the input layer, respectively,
represents a specific independent variable. The neuron in the
output layer represents the dependent variable that is needed
to be predicted. Usually, the independent variables should be
the easy-measured variables that have a potential relation-
ship with the dependent variable. The dependent variable is
usually the variable that is hard to be detected from experi-
ments and is expected to be precisely predicted. The layer
between the input and output layers shown in Figure 1 is
the hidden layer. The optimal number of neurons in the
hidden layer depends on the study object and the scale of
the dataset. Each neuron connects to all the neurons in the
adjacent layer, with the connection called the weight (usually
represented as w), which directly decides the predictive
performance of the ANN, using the activation functions.
For the training of an ANN, the initial weights will be first
selected randomly, and then following iterations would help
find out the optimal weight values that fulfill the prediction
criterions. All the data move only in the same direction (from
left to right, as shown in Figure 1). A well-trained ANN
should consist of the optimal numbers of hidden layer neu-
rons, hidden layer(s), and weight values, which sufficiently
avoid the risk of either under- or overfitting. In practical
applications, there is a large number of neural networks
with modified algorithms, such as ELM [43–45], back-
propagation neural network (BPNN) [46–48], and general
regression neural network (GRNN) [49–51]. Though there
are various network models, the basic principles for model
training are similar.

2.2. Training of an ANN. To train a robust ANN, several fac-
tors should be considered: (i) percentages of the training and
testing sets; (ii) number of hidden neurons; (iii) number of
hidden layers; and (iv) required time for training. When
training a practical ANN for real applications, a large training
set is recommended. For predicting the heat collection rates
ofWGET-SWHs, we found that with a relatively large dataset
(>900 data groups), the training set higher than 85% could
help acquire a model with good predictive performance in
the testing set [2]. Another reason to use a large training set
is that if the training set percentage is small, it would be a
waste of data for practical applications. The reason is simple:
more data groups for training would usually lead to a better
predictive performance. For the selection of the number of

2 International Journal of Photoenergy



hidden neurons, it is quite important to try the neuron num-
bers from low to high. If the number of hidden neurons is not
enough, there would be a risk of underfitting; if it is too
many, there would be a risk of overfitting and time-
consuming. Therefore, finding the best number of neurons
by comparison is particularly important. It should be noted
that in some special neural network methods (e.g., GRNN),
the number of hidden neurons can be a fixed value once
the dataset is defined in some software packages. Under this
circumstance, it is no longer necessary to worry about the
hidden neuron settings. In addition to the hidden neuron
numbers, same tests should be done on the number of layers,
in order to avoid either under- or overfitting. The last factor
we need to consider is the training time. According to the
basic principle of an ANN (Figure 1), the interconnection
among neurons would become more complicated with
higher numbers of neuron. Therefore, with larger database
and larger numbers of independent variables and hidden
neurons, the training time would be longer. This means that
sometimes an ordinary personal computer (PC) cannot
sustain a tedious cross-validation test. From our previous
studies with an ANN training [2, 51], we found that if
the database was sufficiently large, repeated training and/
or cross-validation training would lead to insignificant
fluctuation. In other words, for practical applications, the
ANN training and testing results would be robust if the
database is large, and so a cross-validation process can
be rationally skipped after a simple sensitivity test, in
order to save computational cost.

2.3. Testing of an ANN. Using a testing result with an ANN
for the prediction of heat collection rate as an example
(Figure 2), we can see that a well-trained ANN can precisely
predict the heat collection rates of the data in the testing set,
with relatively low absolute residual values. Though there are
still deviations exist in some predicted points, the overall
accuracy is still relatively high and acceptable to practical
applications. It should be noted that for a solar energy sys-
tem, the independent variables for modeling should always
include some environmental variables, such as solar radia-
tion intensity and ambient temperature [2]. These variables
are highly dependent to the external temperature, location,
and season. That is to say, the external conditions of the
predicted data should be in the similar environmental

conditions as the data used for the model training. Otherwise,
the ANN may not perform good predictive performance. In
all of our recent studies, all the data measurements were per-
formed in very similar season, temperature, and location,
which can sufficiently ensure precise predicted results in both
the testing set and subsequent experimental validation.

3. High-Throughput Screening (HTS)

The basic idea of computational HTS is simple: the calcula-
tions of all possible systems in a certain time period (using
fast algorithms) and the screening of the candidates with tar-
get performances. Previously, Greeley et al. used density
functional theory (DFT) calculations to screen and design
high-performance metallic catalysts for hydrogen evolution
reaction via an HTS method, in good agreement with
experimental validations [29]. Hautier et al. combined DFT
calculations, machine learning, and HTS methods to predict
the missing ternary oxide compounds in nature and develop
a completed ternary oxide database [31], which shows that a
machine learning-assisted HTS process can be precisely used
for new material prediction and discovery. However, though
the HTS method has been widely used in many areas, its con-
ceptional applications to energy system optimization is not
reported during the past decade.

Very recently, our studies show that the machine
learning-assisted HTS process can be effectively performed
on the optimization of solar energy system [23]. Choosing
WGET-SWH as a case study, our results show that an HTS
process with a well-trained ANN model can be used for the
optimization of heat collection rate of SWH. The first step
was to generate an extremely large number of independent
variable combinations (3.5× 108 possible design combina-
tions) as the input of a well-trained ANN model. The heat
collection rates of all these combinations were then,
respectively, predicted by the ANN. After that, the new
designs with high predicted heat collection rates were
recorded as the candidate database. For validation, we
installed two screened cases and performed rigorous mea-
surements. The experimental results showed that the two
selected cases had higher average heat collection rates than
all the existing cases in our previous measurement database.
Being similar to a previous chemical HTS concept proposed
by Pyzer-Knapp et al. [52], we reconstruct the process of this
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Figure 1: Schematic structure of a typical ANN. Circles represent the neurons in the algorithm.
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optimization method, as shown in Figure 3. More modeling
and experimental details can be found in [23].

4. HTS-Based Optimization Framework

Based on the recent trials on the HTS-based optimization
method to the SWH system, here, we propose a framework
for the design and optimization of solar energy systems.
Though the machine learning-based HTS method is a quick
design strategy, the preconditions should be fulfilled rigor-
ously. That means, two vital conditions should be fulfilled,
including (i) a well-trained machine learning model and (ii)
a rational generation of possible inputs.

4.1. A Well-Trained Machine Learning Model. To acquire a
well-trained machine learning model, in addition to the reg-
ular training and testing processes as shown in Sections 2.2
and 2.3, another key step is to define the independent vari-
ables for training. Since the dependent variable is usually
the quantified performance of the energy system, the selec-
tion of an independent variable which has potential relation-
ships with the dependent variable would directly decide the
predictive precision of the model. In our previous case [23],

we chose seven independent variables as the inputs, includ-
ing tube length, number of tubes, tube center distance, tank
volume, collector area, final temperature, and tilting angle
(the angle between tubes and the ground). A 3-D schematic
design of a WGET-SWH system is shown in Figure 4 [23],
which shows that only with these independent variables can
we reconstruct a WGET-SWH system quickly with some
other minor empirical settings. Unlike a physical model
(which requires rigorous mathematical deduction and
hypothesis), machine learning does not require the user to
know exactly about the potential relationships between the
independent and dependent variables. This feature also leads
to the fact that machine learning prediction method is more
flexible than conventional methods. From these seven inputs,
we can see that except for the final temperature, all the other
six variables are the important parameters of a WGET-SWH.
In terms of the final temperature, we found that this is
extremely important to ensure a precise model for heat col-
lection rate prediction. The reason is simple: the heat collec-
tion performance of a WGET-SWH is not only decided by
the mechanical settings of the system but also depends on
the environmental conditions such as solar radiation inten-
sity, ambient temperature, and the final temperature. Since
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Figure 2: Testing results using an ANN model for the prediction of heat collection rate for WGET-SWHs. (a) Predicted values versus actual
values; (b) residual values versus actual values; and (c) residual values versus predicted values. Reproduced with permission from Liu et al. [2].
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the solar radiation intensity correlates well with the final
temperature in a nonphotovoltaic heat transfer system,
and it is not easy to be measured, we did not consider this
as a variable for model training. Also, because the ambient
temperatures are very similar during the measurements of
all the SWHs in our database (we performed all the mea-
surements in the similar months and locations), we also
removed it from the variable list. It should be noted that
for the measurements gathered from various seasons and
unstable weathers, the ambient temperature sometimes is
important and should not be neglected for modeling.
Results show that without the solar radiation intensity
and ambient temperature, our predictive models were still
precise and robust enough [2]. Reducing the number of
independent variables like these not only helps us dramat-
ically reduce the required time for model training but also
simplifies the input generation process at the following

HTS application. Another vital step is the scale and size
of the database. Due to the complexity of the energy col-
lection and transfer system, there are usually a large num-
ber of independent variables. To ensure a good training, a
large and wide database should be used. If the size of the data-
base for training is too small, it would generate high error rates
during fittings; if the range of database is too narrow, the
trained model would only have good performance in a very
local data range, scarifying the precision of the data in a rela-
tively remote region. In many previous cases, we can see that
a large and wide database is crucial to ensure a good practical
prediction [53]. In our case study, the ranges of the indepen-
dent variables were wide enough to ensure a good predictive
performance of the ANN [2]. Detailed descriptive statistics
(maximum, minimum, data range, average value, and stan-
dard deviation) of the WGET-SWH database we used for
training are shown in Table 1.

1800 m
m

30 ∘

105.1 mm

V = 307 L

Figure 4: A 3-D schematic design for WGET-SWH installation. Reproduced with permission from Liu et al. [23].
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Computer-generated 
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Performance
prediction by ANN 

......

...... ...... ......

Screening according to
the ANN-predicted results 

Pick up suitable
screened designs 

Figure 3: An HTS process for solar energy system optimization. Each orange circle represents a possible design.
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4.2. A Rational Generation of Possible Inputs. A rational gen-
eration of inputs of the ANN during the HTS process is also
crucial to ensure a quick HTS with less time consumption.
Without a rational criterion, there will be infinite possible
combinations, which will lead to infinite computational
cost. In our current study, we found that a quick way is
to generate the inputs according to the trained weights
of each independent variables: the independent variable
with a higher numerical weight of the model will be
assigned more possible values as the input of ANN during
prediction. The basic assumption is that a larger value of
weight will lead to a more significant change to the
predicted results. In Liu et al. [23], we show that the tank
volume has the highest weight to determine the heat
collection rate, which also qualitatively agreed with the
empirical knowledge. Thus, we generated more inputs of
tank volume with different numerical values for the HTS

process. Table 2 shows the numbers of selected values of
independent variables for screening the optimized WGET-
SWHs via an HTS process [23]. Except for the final temper-
ature, the number of values of all the independent variables
was assigned according to their sequences of weight after a
typical and robust ANN training. In terms of the inputs of
final temperature, since it is not a part of the SWH installa-
tion, we consider all its possible integers shown in the data-
base (Table 1) as the inputs for HTS. It should be noted that
the weight values of a trained ANN do not contain exact
physical meanings because the initial weights for an ANN
training were usually selected randomly. Multiple trainings
of ANN will lead to different final weight values. Thus, in
addition to referring to the trained weight values, sometimes
we should artificially assign more possible input values
for the independent variables that are physically more
influential to the predicted results. For other weight-free
algorithms (e.g., SVM), artificial choices for inputs are
particularly important.

4.3. Experimental Validation. With the inputs of the gener-
ated independent variable values, the machine learning
model is able to output their predicted heat collection
rates in an extremely short timescale. After screening,
those designs with high predicted heat collection rates
can be recorded as the candidates for future applications.
In our recent studies, two typical designs after an HTS
process were selected for experimental installations, with
their independent variables summarized in Table 3.

Table 1: Descriptive statistics of the variables for 915 samples of in service WGET-SWHs. Reproduced with permission from Liu et al. [2].

Items
Tube length

(mm)
Number of

tubes
TCD
(mm)

Tank volume
(kg)

Collector area
(m2)

Angle
(°)

Final temp.
(°C)

HCR

Maximum 2200 64 151 403 8.24 85 62 11.3

Minimum 1600 5 60 70 1.27 30 46 6.7

Data range 600 59 91 333 6.97 55 16 4.6

Average value 1811 21 76.2 172 2.69 46 53 8.9

Standard
deviation

87.8 5.8 5.11 47.0 0.73 3.89 2.0 0.48

TCD: tube center distance;final temp.:final temperature;HCR: heat collection rate (MJ/m2). Tank volumewas defined as themaximummass ofwater in tank (kg).

Table 2: Number of selected values of different independent variables (extrinsic properties). Reproduced with permission from Liu et al. [23].

Tube length
(mm)

Number of
tubes

TCD
(mm)

Tank volume
(kg)

Collector area
(m2)

Angle
(°)

Final temp.
(°C)

Number of selected
values

5 30 5 111 50 5 17

TCD: tube center distance; final temp.: final temperature.

Table 3: Input variables of two newly designed WGET-SWHs. Reproduced with permission from Liu et al. [23].

Tube length (mm) Number of tubes TCD (mm) Tank volume (kg) Collector area (m2) Angle (°) Final temp. (°C)

Design A 1800 18 105.5 163 1.27 30 52–62

Design B 1800 20 105.5 307 1.27 30 52–62

TCD: tube center distance; final temp.: final temperature.

Table 4: Measured heat collection rates (MJ/m2) of the two novel
designs. All the measurements were performed under the
environmental conditions similar to those of the measurements
for the previous database (Table 1). Reproduced with permission
from Liu et al. [23].

Day
1

Day
2

Day
3

Day
4

Average Predicted
Error
rate

Design A 11.38 11.26 11.34 11.29 11.32 11.47 1.35%

Design B 11.47 11.43 11.42 11.45 11.44 11.66 1.90%
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Rigorous experimental measurements on these two new
designs validated that both of them outperformed all our
915 WGET-SWHs in the previous database under similar
environmental conditions (Table 4). More comparative
results are shown in [23].

4.4. A Framework for HTS-Based Optimization. The pro-
posed framework for HTS-based optimization mainly con-
sists of two parts: (i) developing a predictive model and (ii)
screening possible candidates. The machine learning model
is described as a “black box” in this framework since we
do not need to know what really happens inside the
training for real applications (and usually we care more
about the fitting results). The concrete algorithmic and
experimental processes of the proposed framework can
be summarized as follows:

Step 1: Select the independent and dependent variables
for the machine learning model.

Step 2: Train and test a predictive machine learning
model with a proper experimental database.

Step 3: Generate a large number of the combinations of
independent variable values.

Step 4: Input the generated independent variables into
the well-trained predictive model.

Step 5: Screen and record the outputted dependent vari-
able values and their corresponding independent
variable values that fulfill all the screening
criterions.

Step 6: Select the candidates from the results of Step 5 for
experimental validation.

Step 7: Record the experimental results from Step 6.

To sum up, the proposed framework is shown in Figure 5.
It can be seen that once all the preconditions of the
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Figure 5: A proposed framework of machine learning-assisted HTS process for target performance optimization. Independent variables are
assigned as “ind.” Dependent variables are assigned as “dep.” {Ain} represents the original experimental database. {Bin} represents the
generated independent variables as the inputs. {Bin(new)} represents the generated independent variables and their predicted dependent
variables. {Cin} represents the new experimental database combining the original experimental database and the experimental validation
results of the screened candidates.
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“cylinders” discussed above are fulfilled, a completed
machine learning-assisted process can be achieved. The ulti-
mate goal of the screening is to find out better candidates
with optimized target performance. These candidates will
have the independent variables different (or partially differ-
ent) from the previous experimental database. Combining
the previous experimental database with the experimental
validation on new designed candidates, we can construct a
new experimental database with more informative knowl-
edge for future applications. It should be noted that this
framework not only works for solar energy systems but also
works for the optimization cases of other devices. We expect
that this framework can be expanded to other optimization
demands in the future.

5. Conclusions

In this paper, we have summarized our recent studies on the
predictive performance of machine learning on an energy
system and proposed a framework of SWH design using a
machine learning-based HTS method. This framework con-
sists of (i) developing a predictive model and (ii) screening
possible candidates. A combined computational and experi-
mental case study on WGET-SWH shows that this frame-
work can help efficiently design new WGET-SWH with
optimized performance without knowing the complicated
knowledge of the physical relationship between the SWH set-
tings and the target performances. We expect that this study
can fill the blank of the HTS applications on optimizing
energy systems and provide new insight on the design of
high-performance energy systems.
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An experimental investigation into the performance evaluation of an improved dual reflector foldable paraboloid solar cooker has
been reported, along with its energy and exergy analysis. The best attribute of this lightweight and low-cost solar cooker is its high
performance coupled with the ease of handling. The cooker utilizes two paraboloid reflectors made out of Mylar-coated fiberglass
dishes, each having a diameter of 90 cm and focal length of 105 cm. The total intercepted radiation energy is 1.08 kW under
standard test conditions. Stagnation temperatures of up to 330°C and cooking temperatures of up to 290°C have been attained
with load. Altogether, 9 experiments have been performed with and without load. Loaded tests have been conducted with water
and vegetable oil. Results indicate an average cooking power of 485W, peak exergy gain of 60.53W, quality factor of 0.077, and
a high product of temperature difference gap at half peak power to peak power of 4364.33W·K. The maximum exergy output
power attained was 70W, while maximum exergy efficiency was 8–10%. All performance measuring parameters indicate that it
is a high performance solar cooker for rural and urban communities and is suitable for all types of oil- and water-based cooking.

1. Introduction

Development of more efficient and user friendly solar
cookers is a high priority area, as cooking of food accounts
for a substantially large chunk of the total fuel consumption
on Earth. In case of the developing countries, this activity
accounts to over one-third of the total primary fuel con-
sumption [1, 2]. Conversion of cooking to renewables has
the potential of substantially reducing the fuel bills of many
energy-deficient countries of the world, as well as reducing
the greenhouse gas emissions. Three broad types of solar
cookers have been reported in the literature during the last
over half a century. Box-type solar cookers utilizing the
greenhouse effect to acquire the cooking temperatures are
so far the most popular ones, due mainly to their simplicity
and lower costs. However, they suffer from the main disad-
vantage of approaching the maximum temperatures of
around 120°C. Therefore, they are suitable only for water-
based low temperature cooking [3, 4]. Oil-based high tem-
perature cooking is not possible with these cookers. Parabolic

types are the second most common solar cookers. Typically,
they utilize a parabolic reflector mounted near the ground,
which focuses the reflected solar radiation onto a cooking
pan placed at a height. Generally, these cookers acquire high
cooking temperatures suitable for cooking all types of food.
However, they suffer from a number of issues, including the
requirement of frequent solar tracking, lack of maneuverabil-
ity due to larger sizes and weights, and the splashes of oil and
curry falling onto the reflector, requiring frequent cleaning
and adversely affecting its reflectivity. The third main type
of solar cookers are the vacuum tube-based cookers, as
presented by various authors [1, 3–7]. Though these cookers
acquire high temperatures and are very efficient, they are
complex to operate and expensive to manufacture.

Parabolic-type solar cookers have been offered in several
versions by a number of authors. Typically, these cookers
acquire concentration ratios of up to 50 and temperatures
of up to 300°C [8]. With a spherical reflector, the first design
was proposed by Stam in 1961 [2]. It was the simplest
type of reflector, allowing the cooking vessel to be hung
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from a tripod at a suitable focal point. However, due to the
spherical shape of the reflector, the focus was not very good.
A parabolic reflector-type cooker named as SK-14 was
invented by Dr. Dieter Seifert [9, 10]. The focus of this cooker
was much better and sharper than the previous one. How-
ever, it is very sensitive to even a slight change in the position
of the sun and hence it requires constant tracking. Due to its
deeply curved parabolic reflectors, the focal point lies inside
the dish [11, 12]. Further, due to the usage of a single large
dish, it occupies more space, making it difficult to carry from
one place to the other. Also, the frequent oil and curry
splashes spoil the reflector surface, as the cooking utensils
are placed above the parabolic reflector. Making this type of
cooker requires advanced manufacturing facilities available
only to large companies.

The Sheffler community solar cooker was invented by
Wolfgang Sheffler in 1986 [13, 14]. The Sheffler-type solar
cookers utilize large flexible parabolic mirrors to concentrate
the solar radiation inside a kitchen on a fixed point through a
North-facing window, where high temperatures of up to
1000°C are attainable to cook all types of food. The polar
directional controls of the parabolic mirrors are carried out
through clockwork rotation at the rate of one revolution
per day. The reflector is made to change the shape of its
entire surface every few days to adapt itself to the changing
declination angles of the sun. For these reasons, its design,
manufacturing, and installation are complex. Further, it
requires heavy and robust permanent structure for its sup-
port and installation needs shadow-free area throughout
the year in the south direction. The requirement for capital
investment is also high. Some authors have also evaluated
the compound parabolic reflectors which do not require solar
tracking for a few hours [15, 16]. However, these are not
suitable for use with solar cookers due to their bulky size,
complex construction, and use of large quantities of thermal
fluids, causing delayed heating.

In this paper, the design and working scheme of a dual
reflector parabolic cooker has been described and experi-
mentally tested with an aim to address the abovementioned
deficiencies noted in this class of cookers. A lightweight
cooker with two foldable fiberglass parabolic reflectors
coated with Mylar sheet has been introduced. These attri-
butes make it convenient to move the cooker from one place
to the other, operate at any desired place, and easily store
inside the home when not in use. A number of simple
controls have been provided to change the inclination of each
individual reflector, as well as the collective inclination of
both the reflectors, in order to maintain the focused radiation
from both the reflectors onto the cooking pan, with changing
positions of the sun on the sky. Further, sufficient separation
has been provided between the two reflectors to allow any oil
and curry splashed from the cooking pan to fall onto the
ground, rather than damaging the reflector surfaces. Support
for the cooking pan has been kept separate to allow easy
maneuverability of the cooker and to prevent shaking of the
cooking utensils, while the reflective mirrors are adjusted.

Several experiments have been conducted without load
and with load of 4 kg of water, as well as vegetable oil to
extract the various performance measuring parameters. The

experimental results are analyzed in each case for determin-
ing the first and second figures of merit, cooking power,
energy and exergy efficiencies, and the quality factor of
the cooker.

The first figure of merit F1 measures the optical efficiency
of the cooker per unit heat loss factor. This is measured by
dividing the difference of the maximum temperature attained
by the unloaded bottom of the cooker with the ambient air
temperature to the average solar radiation intensity during
experiment. The second figure of merit F2 gives an indication
of heat transfer from the absorbing base to the water inside
the cooker. It is evaluated in the presence of full load, as the
product of heat gained by water and F1 per unit aperture area
per unit time per unit temperature. The cooking power is the
heat gained by the water inside the cooker per unit time.
Energy efficiency of the cooker is evaluated as the heat gained
by the water inside the cooker divided by the solar radiation
energy intercepted by the cooker collector during a given
time. The exergy efficiency measures the potential of the
cooker to extract the solar radiation energy. This is obtained
by dividing the exergy output of the cooker by the exergy
input. The exergy input and output are evaluated by record-
ing the ambient air and water temperatures and solar
radiation intensity after periodic intervals of time, while
considering the water content, aperture area of the cooker,
and the temperature of the surface of the sun, using formulas
described in (4) and (5). The quality factor of the cooker is
determined by dividing the peak exergy gain of the cooker
with the exergy loss (the difference between exergy input
and output) at that instant of time. The peak exergy gain
is obtained by plotting the exergy output versus the tem-
perature difference of water with the ambient air. The
curve is fitted with a second order polynomial, and peak
is determined.

2. The Optical Scheme of the Dual Paraboloid
Reflector

A paraboloid reflector is defined to provide a sharp focus to
the rays of light reflected from its surface, when the incident
light consists of rays parallel to the axis of the paraboloid. If
the incident light is not parallel to the axis of the paraboloid,
the reflected light does not make a sharp focus at the focal
point, but rather a dispersed focus at a point other than the
focal point, as shown in Figure 1 [17].

Since the cooking pan has finite dimensions, the need for
a sharp focus is not quite critical and the cooker can benefit
even from a dispersed focus of the incident light reflected
from the two paraboloids placed at a distance from each
other, without much significant loss of performance. This
feature enables the two paraboloids to get folded when not
in use, making it handy to allow easy movement and storage
of the cooker. Further, it allows the oil and curry splashes
to mostly fall on the ground, rather than spoiling the cen-
tral part of the reflective surface. The paraboloids used in
the above scheme have a focal length of 105 cm and a
radius of 45 cm. The distance between the rims of the
two paraboloids is 20 cm. Therefore, the angle of incidence
of the solar radiation to the axis of each paraboloid is
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sin−1 55/105 = 31 6°. Further, the altitude angle of the two
paraboloids would not, in general, be the same during
operation as that of the sun at any instant of time, since
the height of the cooking pan is held fixed during operation
while the altitude angle of the sun changes. The cooking
pan is not placed vertically above the reflectors, as shown in
Figure 2. Normally, there would be a difference of nearly
10–20° between the two angles during 9:00 to 15:00 hours,
depending upon the season. The total maximum cosine
losses due to the difference between the angle of incidence
of the solar radiation and the axes of the paraboloids are
therefore ≤ 1 − cos 31 6° · cos 20° = 20%.

3. The Dual Paraboloid Reflector Solar Cooker

The complete dual parabolic reflector solar cooker has been
constructed in five pieces. Four of them are connected
together to make one piece, while the fifth piece is kept
separate to make the handling of the cooker easier. Two
identical paraboloids made out of fiberglass having diameter
of 90 cm and focal length of 105 cm each have been used. The

inner surfaces of the paraboloids have been coated with
highly reflective Mylar sheet. The sheet has a reflectivity of
94% and can withstand temperatures of up to 200°C [18].
Two pipe frames A and B are constructed as shown in
Figure 3. Two steel pipes are bent in circles of diameter
75 cm each. Two small pieces of pipes “a1” are welded with
frame A on one side, while another 17.5 cm long pipe “a2”
is perpendicularly welded to them on the other side. A small
rod passing through a small piece of pipe attached to an eye is
welded between the small pieces of pipes, so that the pipe
containing the eye can easily rotate with respect to the
rod. The eye contains a threaded nut that allows a bolt
to pass through. The bolt pressing against a closed ended
U-channel on another frame provides a simple control
for changing the orientation of the parabolic reflector, while
in operation. The frame B is also similarly constructed with
different distance between the pipes “b1.” Whole scheme is
illustrated in Figure 3.

The parabolic reflector frames A and B are then mounted
on another frame through a rotational axis rod, as shown in
Figure 4. The rotational axis rod passes through the pipes

Cooking pan

Incident solar
radiation 

�훽 = 20º

Axis of the parabola

Angle of
incidence 

Solar altitude
angle 

�훼

90 cm

105 cm

Figure 2: Operational scheme of the dual paraboloid reflector to cater for the changing altitude angle of the sun.

Paraboloid A Paraboloid B

Focus BFocus A

Incident solar radiation

Cooking pan placed over dispersed focus 

Axis of the paraboloid 

Angle of incidence105 cm

90 cm

�휃 = 31.6º

Figure 1: Optical scheme of the light reflected from a dual paraboloid reflecting system defining a dispersed focus.
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“a2” and “b2” of frames “A” and “B” and allows both frames
to rotate with respect to it. This allows both reflectors to be
adjusted, such that the reflected solar radiation gets focused
below the coking pan, within an area equal to the diameter
of the pan.

The frame shown in Figure 4 consists of a 78 cm long
rectangular pipe, cross welded with another piece of 48 cm
long pipe and a 22 cm long closed end U-channel. The
48 cm long pipe contains one strut with an eye hole at each
end. The whole frame can rotate with respect to a rod passing
through these struts. The rear end of this frame is connected
to an altitude adjustment wheel, which can drive a high-pitch
screw into a similarly pitched 30 cm long bolt. The next end
of this bolt is connected to another frame, such that rotating
the altitude adjustment wheel allows the whole frame to
change its orientation with respect to the rod passing through
the abovementioned two struts. This rod is welded onto the
frame shown in Figure 5.

The Y-shaped frame shown in Figure 5 is made out of
four rectangular pipe sections. Five wheels are connected at
the ends of the frame. The frame in Figure 4 is connected

to this frame through the 53 cm long welded rod and a hook,
as shown. This frame supports the entire structure of the
cooker and can be easily moved across over a flat surface.
The total weight of the entire structure with fiberglass dishes
is 12 kg.

The last part of the cooker is the cooking pan holder. The
holder frame made out of angle iron, shown in Figure 6, is
125 cm high, 60 cm long, and 37.5 cm wide and provides a
structurally stable support for the cooking pan. The bottom
of this frame is slipped between the two front wheels of the
frame shown in Figure 5, such that any movement of the
reflector frame does not cause any vibrations onto the
cooking frame.

The complete dual parabolic reflector cooker in opera-
tion is shown in Figure 7.

4. Performance Measuring Experiments

Several experiments had been performed on carefully
selected calm and clear days at 33.73° N latitude and 73.09° E
longitude test location (Islamabad, Pakistan), during the

75 cm
40 cm

12.5 cm

17.5 cm

10 cm

10 cm

Reflector
orientation

control screw

A B

17.5 cm

17.5 cm

a1

b1

a2

b2

Figure 3: Schematic diagram of the dual parabolic reflector support system with dimensions.

22 cm 
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20 cm 
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High-pitch screw 

High-pitch
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Rotational axis rod 

12.5 cm 

U-channel End
hook  

Figure 4: Schematic diagram of the frame allowing the orientation control of the parabolic reflectors along the altitude.
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months of April and May 2016, to assess the performance
measuring parameters of the dual parabolic reflector solar
cooker, described in the previous section. Three experiments
were performed on different days without load to determine
the maximum plate stagnation temperature and the first
figure of merit F1. Three more experiments were performed
with 4 kg of water load each, to determine the energy and
exergy efficiencies of the cooker, the second figure of merit
F2, cooking power, and the quality factor of the cooker.
Further, three experiments were performed with cooking oil
load to determine the maximum achievable temperatures
with load, as shown in Table 1. The recorded data included
the ambient temperature Ta, plate temperature Tp, load
temperature Tl, and the solar radiation intensity Ih on the

horizontal surface. The maximum available power to the
cooker through two reflectors (diameter 90 cm each) under
standard solar insolation conditions of 1000W/m2, while
taking into account the cosine losses, is 1.08 kW. The cooking
pot had a diameter of 25 cm and could accommodate up
to 7 liters of liquid load. It was surrounded from all sides
with a 5 cm thick glass wool insulation. The lid at the top
was also covered with a 5 cm thick layer of glass wool. The
insulation-free bottom of the pot was exposed to the
ambient air and was sprayed with dull black deco paint.
Nine experiments had been performed with corresponding
conditions as outlined in Table 1.

The first set of experiments was performed without load
on the cooker. The base plate temperature of the cooker,
the ambient temperature, and the solar radiation inten-
sity on a horizontal surface were measured and recorded
every two minutes, while cooker tracking adjustments were

115 cm

90 cm

53 cm

50 cm

35 cm

30 cm

Sliding wheel

Hook
connected to the
high-pitched bolt 

Rod passing through
the two hooks of the 
rectangular pipe

Figure 5: Schematic diagram of the Y-shaped support frame, placed on a level surface.

37.5 cm

60 cm

68 cm

125 cm

45 cm

25 cm

Cooking pan

Figure 6: Cooking pan holding frame.

Figure 7: The dual parabolic reflector solar cooker in operation.
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performed every five minutes. Digital thermometers UT33
series, prepared by Uni-Trend Group Ltd., China, were
used for temperature measurement, while Apogee SP110
pyranometer was used for the measurement of solar radia-
tion intensity. The data plotted in Figures 8, 9, and 10
indicates the stagnation temperatures attained in each case.

The blue curves in Figures 8, 9, and 10 show that the
maximum temperatures attained during the three unloaded
experiments were 233°C, 258°C, and 331°C, respectively. A
comparison of these figures shows that the maximum plate
temperature depends heavily on the existing intensity of the
solar radiation.

The second set of experiments was conducted with a
load of 4 kg of water each time, on April 14, May 2, and
May 18, 2016, as per the recommended test load for solar
cookers per unit aperture area per unit concentration ratio
[19]. As shown in Figures 11, 12, and 13, 4 kg of water
load was brought to a boil in 28 minutes, 48 minutes, and
34 minutes from starting temperatures of 42°C, 39°C, and
36°C, respectively.

The last set of experiments was conducted with one liter
(850 gm) of vegetable oil load each time, on April 22, 27,
and 29, 2016. As shown in Figures 14, 15, and 16, the vegeta-
ble oil attained maximum temperatures of 294°C, 262°C, and

285°C in 38 minutes, 64 minutes, and 56 minutes from
starting temperatures of 101°C, 60°C, and 53°C, respectively.

Results of three sets of three experiments each have been
shown in the foregoing, with dual parabolic reflector soar
cooker, during the months of April and May 2016. The
experiments with no load on the cooker indicate that under

Table 1: Test conditions of nine experiments.

Exp. number Date of experiment
Experiment start solar

time (H:M)
Experiment end
solar time (H:M)

Load (gm)
Max. temp.
attained (°C)

1 April 13, 2016 09:40 10:30 Nil 233

2 April 13, 2016 12:18 12:46 Nil 258

3 April 22, 2016 11:26 12:18 Nil 331

4 April 14, 2016 13:46 14:14 4000 (water) 100

5 May 02, 2016 12:16 13:04 4000 (water) 100

6 May 18, 2016 12:24 12:58 4000 (water) 100

7 April 22, 2016 12:06 12:44 850 (oil) 294

8 April 27, 2016 10:56 12:00 850 (oil) 262

9 April 29, 2016 11:04 12:00 850 (oil) 285
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Figure 8: Plot of temperature (blue) and solar radiation intensity
(red) versus time for the first unloaded experiment. Radiation
intensity is divided by 10 to fit the scale.
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Figure 9: Plot of temperature (blue) and solar radiation intensity
(red) versus time for the second unloaded experiment. Radiation
intensity is divided by 10 to fit the scale.
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clear sky conditions, maximum plate temperatures as high as
330°C may be attained in 30 to 40 minutes duration. Experi-
ments with 4 kg of water load indicate that starting from the

ambient temperatures, it boils in 28 to 48 minutes, depending
upon the radiation intensity. The last set of experiments with
vegetable oil load indicates the maximum attainable cooking
temperatures with load. Temperatures as high as 294°C have
been attained this way, with the average attained temperature
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Figure 11: Plot of temperature (blue) and solar radiation intensity
(red) versus time for the first experiment with 4 kg of water load.
Radiation intensity is divided by 10 to fit the scale.
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Figure 12: Plot of temperature (blue) and solar radiation intensity
(red) versus time for the second experiment with 4 kg of water
load. Radiation intensity is divided by 10 to fit the scale.
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Figure 13: Plot of temperature (blue) and solar radiation intensity
(red) versus time for the third experiment with 4 kg of water load.
Radiation intensity is divided by 10 to fit the scale.
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Figure 14: Plot of temperature (blue) and solar radiation intensity
(red) versus time for the first experiment with 850 gm of vegetable
oil load. Radiation intensity is divided by 10 to fit the scale.
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Figure 15: Plot of temperature (blue) and solar radiation intensity
(red) versus time for the second experiment with 850 gm of
vegetable oil load. Radiation intensity is divided by 10 to fit the scale.
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Figure 16: Plot of temperature (blue) and solar radiation intensity
(red) versus time for the third experiment with 850 gm of
vegetable oil load. Radiation intensity is divided by 10 to fit the scale.
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of about 280°C in 53 minutes. All these results indicate that
the cooker presented in this paper is most suitable for ful-
filling the oil-based high-temperature cooking needs of the
public, while being user friendly, lightweight, and low cost.

The detailed performance measuring parameters of the
cooker have been evaluated in the following sections.

5. Determination of the First and Second
Figures of Merit

In order to test the performance of solar cookers, two figures
of merit (FOM) are normally recommended. These are
defined as F1 and F2 [20, 21]. F1 (measured in m2K/W) is
the ratio of optical efficiency to the heat loss factor by
the bottom absorbing plate and is a measure of the differ-
ential temperature gained by it at a particular level of solar
insolation. F2 gives an indication of heat transfer from the
absorbing base to the water inside the cooker.

Mathematically, they are defined as

F1 =
Tps − Ta

Hs
, 1

where Tps is the plate (tray) stagnation temperature, Hs is
the solar insolation on the horizontal surface, and Ta is the
ambient temperature.

F2 =
F1 M ·C w

A · τ ln 1 − Twi − Taυ / F1 ·Haυ
1 − Twf − Taυ / F1 ·Haυ

, 2

where (M ·C)w indicates the mass of the water in the pot
multiplied to its heat capacity, A stands for the aperture area
of the cooker, τ is the time difference during which water was
heated from an initial temperature Twi to the final tempera-
ture Twf , Hav is the average solar radiation on a horizontal
surface, and Tav is the average ambient temperature during
the experiment. F1 is evaluated in the absence of any load
on the solar cooker while F2 is evaluated in the presence of
full load.

The cooking power of a cooker can be calculated as [21]

P = M ·C w
ΔTw
Δt , 3

where ΔTw is the temperature difference of water acquired
in time Δt.

For the unloaded solar cooker described in this
paper, three experiments were conducted on April 13
and April 22, 2016. The F1 calculation results are sum-
marized in Table 2.

For the fully loaded (4 kg of water load) cooker, data
were collected on April 14, May 2, and May 18, 2016.
For analysis, data are used for the water temperatures
between 60 and 90°C, for each experiment. The results
are summarized in Table 3.

From the results in Tables 2 and 3, it is concluded that the
average value of the first figure of merit F1 is 0.2578, while
that of the second figure of merit F2 is 0.567. The average
cooking power of the solar cooker is 485W. For comparison,
the typical value of F1 is 0.103, F2 is 0.309, and the cooking

power is 30W for typical box-type solar cookers [4], while
F1 is 0.395 and F2 is 0.654 for SK-14-type solar cooker with
1.54m2 aperture area [12]. These parameters indicate that
the dual parabolic cooker performance is comparable to that
of SK-14 solar cooker.

6. Determination of Exergy Efficiency and
Quality Factor

Exergy efficiency is often measured and reported for a given
solar energy device as a measure of its potential for extracting
heat from its surrounding environment [19, 22]. As per def-
inition, the exergy approaches zero as the device approaches
an equilibrium state with the environment. Exergy of the
solar radiation describes the exergy input to the solar
energy device and is determined by measuring the solar
radiation flux (I°AΔt) during the experiment and using
the relation [23, 24]:

EXi = I°AΔt 1 + Ta
Ts

4 1
3 −

4
3

Ta
Ts

, 4

where Ta and Ts, respectively, indicate the ambient air tem-
perature during the experiment and the surface temperature
of the sun, I° represents the measured solar radiation inten-
sity perpendicular to the collector at a given instant, Δt is
the time interval between two readings, and A indicates the
aperture area of the solar collector under investigation. The
exergy output power of the device can be evaluated as [23]

Exo = Eout −M ·C ·Ta ln
Twf
Twi

, 5

where Twi is the initial and Twf is the final temperature of
water (or any other material) placed inside the device. M
and C, respectively, represent the mass and the specific heat
capacity of the material.

The exergy efficiency may therefore be evaluated as

ψ = M ·C · Twf − Twi − Ta ln Twf /Twi /Δt
I° 1 + 1/3 Ta/Ts

4 − 4/3 Ta/Ts A
6

Another important parameter is the exergy loss coeffi-
cient, which is determined by measuring the difference
between exergy input and output and the temperature
difference δT between the water and the ambient air,
defined as

EXloss
= Exi − Exo
A ·Δt · δT W/m2 K 7

Table 2: Calculation of the first figure of merit for the dual parabolic
reflector solar cooker during experiment numbers 1, 2, and 3.

Exp. number Tas (
°C) Tps (

°C) Hs (W/m2) F1 (m
2K/W)

1 29.3 233 885 0.2302

2 30.5 258 900 0.2528

3 30.3 331 1035 0.2905
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A plot of the exergy loss (Exi−Exo) versus δT can provide
the overall heat loss coefficient of the cooker. Further, it
has been proposed that a plot between the exergy output
power and δT, fitted with a second order polynomial,
can be used to infer the peak exergy power of the device
during a particular experiment [25]. The plot may also
be used to infer the temperature difference gap between

the temperatures corresponding to half exergy power points,
on either side of the peak power point.

The exergy input power during the three experiments, as
derived from (4), is shown in Figure 17.

The exergy output power during the three experiments,
as extracted using 5 and fitted to a least-squares curve to
show the trend with time, is shown in Figure 18, while the
exergy efficiency is plotted in Figure 19.

Table 3: Calculation of the second figure of merit and the cooking power for the dual parabolic reflector solar cooker for experiment
numbers 4, 5, and 6.

Exp. number Effective aperture area (m2) Twi (
°C) Twf (

°C) Tav (
°C) Hav (W/m2) Duration τ (seconds) (M ·C)w (J/K) F2 P (W)

4 1.08 60 92 36.6 852.4 960 16,800 0.638 560

5 1.08 60 91 41.8 814.6 1560 16,800 0.453 333.8

6 1.08 65 91 42.8 990.2 780 16,800 0.610 560
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Figure 17: Exergy input power during the three experiments
with 4 kg of water load. Curves are labeled according to the
experiment number.
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Figure 18: Exergy output power during the three experiments with
4 kg of water load. Blue points correspond to experiment number 4,
red to experiment number 5, and green to experiment number 6.
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The exergy loss data (EXi−Exo) is plotted versus the
temperature difference δT in Figure 20, corresponding to
experiment numbers 4, 5, and 6. The data are fitted with
linear curves. Heat loss coefficient (W/Km2) of the cooker
is extracted by dividing the slopes of these curves by the
aperture area of the cooker, while the specific heat loss
coefficient (W/Kkgm2) is obtained by further division by
the amount of water. The quality factor of the solar cooker
may be evaluated by dividing the peak exergy gained to the
exergy lost at that instant [25].

Figure 21 shows the graphs between the output exergy
power Exo and the temperature difference δT. The data are
fitted to a second order polynomial, for all three experiments.
The peak value of the exergy power and the temperature
difference gaps corresponding to half peak power points have
been extracted in each case.

The top three lines in the left of Figure 21 show the
equations of the polynomial fits to the data for the three
experiments. The bottom set of three lines shows the peak
exergy power attained during each of the three experi-
ments at a specific temperature difference. The third set

of three lines at the right top of Figure 21 provides the
temperature difference gaps at half peak exergy power
points. The temperature difference gaps are 68.96, 102.43,
and 44.93K, respectively.

The average value of the peak exergy power for the three
experiments is 60.53W, while the average temperature differ-
ence gap at half peak power is 72.1K. The product of the peak
power with the temperature difference gap is therefore
4364.33W·K. This value is by far the highest reported in lit-
erature, for any solar cooker. Table 4 summarizes the various
exergy-based performance measuring parameters for these
experiments and provides comparison of these parameters
with those of other types of solar cookers [1, 3, 4, 25].

From Table 4, it may be concluded that the specific heat
loss coefficient for parabolic-type solar cooker is comparable
to that of SK-14. The quality factor of this cooker is higher
than that of vacuum tube-type cooker and comparable to
those of Scheffler and SK-14 types. However, the peak exergy
gain, which determines the actual useful energy, is quite high,
as compared to other types of solar cookers. Further, the
temperature difference gap at half peak power and its product

y4= −0.029x2 + 3.014x − 9.358
y5 = −0.011x2 + 1.332x + 1.659
y6 = −0.065x2 + 5.060x − 27.81
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Pmax5 = 41.98 W at ΔT = 60.55 K
Pmax6 = 70.665 W at ΔT = 38.92 K

 
Phalfmax4 = 34.475 W at ΔT = 17.48 K & ΔT = 86.45 K
Phalfmax5 = 20.99 W at ΔT = 16.86 K & ΔT = 104.23 K
Phalfmax6 = 37.865 W at ΔT = 16.46 K & ΔT = 61.39 K

Figure 21: Exergy output power versus the temperature difference. Data are fitted with second order polynomials. Curves are labeled
according to the experiment number.

Table 4: Various exergy-based performance measuring parameters for three types of solar cookers.

Cooker parameter Dual parabolic SK-14 Sheffler type Box type Vacuum tube type

Slope of exergy loss curve (W/K) 1.828 5.407 19.485 0.577 2.63

Aperture area (m2) 0.049 1.47 8.21 0.4326 0.107

Heat loss coefficient (W/Km2) 37.31 40.35 54.125 1.334 24.58

Specific heat loss coefficient (W/K kgm2) 9.326 8.07 2.706 0.417 4.916

Peak exergy gain (W) 60.53 18.21 55.75 48.39 55.6

Exergy lost at peak exergy gain (W) 805.87 171.79 560.606 377.90 1323.8

Quality factor 0.077 0.106 0.099 0.1281 0.042

Temperature difference at peak power (K) 50.48 30.33 29.165 31.64 55.2

Temperature difference gap at half power (K) 72.1 40.374 39.62 41.76 38.75

Product of temperature difference gap at half power to
peak power (W·K) 4364.33 735.3 2208.815 2020.77 2154.5
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with the peak exergy gain are substantially higher compared
to any other solar cooker reported so far. The average energy
efficiency during the three experiments was 46.3%, 39.9%,
and 49.38%, respectively. Due to design improvements in
the present cooker, the maximum energy (49.38%) and
exergy (8–10% from Figure 19) efficiencies have substantially
improved compared to the results reported for a single
parabolic trough cooker, where maximum energy efficiency
was 15.7% and maximum exergy efficiency was 1.25% [23].
Similarly, these parameters are substantial improvements
over SK-14 and Sheffler-type parabolic solar cookers [25].

7. Conclusions

This paper presents the results of an experimental investiga-
tion of an improved dual parabolic reflector solar cooker
along with its construction details. The cooker has been
explicitly designed from the point of view of a common user
in terms of its usefulness and ease of transportation and
handling, while addressing several other issues prevalent with
such cookers. The cooker has been extensively tested under
different load conditions and without load. All test results
support it as a substantial improvement over other solar
cookers in terms of its capacity of cooking all types of food
as well as faster cooking with a view to its portability and
lightweightiness. The various standard performance measur-
ing parameters have been evaluated at a test load of 4 kg of
water. The average cooking power of the cooker has been
found to be 485W, while the maximum attainable tempera-
tures with load approached 290°C. Many cooking experi-
ments like frying of eggs and French fries and making of
bread have been conducted several times with great ease.
The cooker has high exergy gain of up to 70W, with 8–10%
maximum efficiency, while the thermal efficiency of the
cooker is up to 49.4%. The product of peak exergy power
to the temperature difference gap, which is an important
parameter for comparing the performance of solar cookers,
has been found to be 4364.33W·K, which is by far the highest
reported in the literature, for any solar cooker. The cooker is
low cost (around US$ 100) and easy to manufacture. It is
quite ready for large scale dissemination.
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